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Abstract
This comprehensive field study applied paleoflood 

hydrology methods to estimate the frequency of low-
probability floods for the Tennessee River near Chattanooga, 
Tennessee. The study combined stratigraphic records of large, 
previously unrecorded floods with modern streamflow records 
and historical flood accounts. The overall approach was to 
(1) develop a flood chronology for the Tennessee River near 
Chattanooga using stratigraphic analyses and geochronology 
from multiple sites at multiple elevations in the study area; 
(2) estimate peak flow magnitudes associated with elevations 
of flood evidence using a one-dimensional hydraulic model; 
(3) combine the information obtained from steps 1 and 2 to 
develop a history of timing and magnitude of large floods in 
the study reach; and (4) use all available information (includ-
ing paleoflood, gaged, and historical records of flooding) 
to estimate flood frequency using a standardized statistical 
approach for flood-frequency analysis.

The stratigraphy, geochronology, and hydraulic mod-
eling results from all paleoflood sites along the Tennessee 
River were distilled into an overall chronology of the number, 
timing, and magnitude of large unrecorded floods. In total, 
30 sites were identified and the stratigraphy of 17 of those 
sites was closely examined, measured, and recorded. Flood-
frequency analyses were done using the U.S. Geological 
Survey software program PeakFQ v7.2 that follows the 
Guidelines for Determining Flood Flow Frequency—
Bulletin 17C.

Resolving stratigraphic and chronologic information from 
all 17 sites yielded information for eight unique large floods 
in the last 3,500–4,000 years for the Tennessee River near 
Chattanooga. Two of these floods had discharges of 470,000 
cubic feet per second (ft3/s), slightly greater than the 1867 
historical peak at the Chattanooga streamgage (459,000 ft3/s). 
One flood with a discharge of 1,100,000 ft3/s was substantially 
greater than any other flood on the Tennessee River during the 
last several thousand years. This large flood occurred only a 
few hundred years ago, likely in the mid-to-late 1600s. Two 

1U.S. Geological Survey
2Nuclear Regulatory Commission

additional floods in the last 1,000 years had estimated magni-
tudes of about 420,000 and 400,000 ft3/s. The remaining three 
unique floods identified in the paleoflood record were much 
smaller (less than 240,000 ft3/s) and occurred about 3,000–800 
years ago.

Flood-frequency analyses show that the addition of 
paleoflood information markedly improves estimates of 
low probability floods—most clearly shown by substantial 
narrowing of the 95-percent confidence limits. For the most 
plausible flood scenario, the 95-percent confidence interval for 
the 1,000-year quantile estimate derived from incorporating 
the four most recent paleofloods is about 480,000–620,000 
ft3/s compared to about 380,000–610,000 ft3/s for the gaged 
and historical record alone, a reduction in the uncertainty of 
the estimate by 38 percent. Similarly, uncertainty for all flood 
quantile estimates from 100 to 10,000 years was reduced by 
22–44 percent by the addition of the paleoflood record to the 
flood-frequency analyses.

Introduction
Nuclear powerplants in the United States commonly are 

located near large rivers or coastlines because of cooling-water 
requirements. This proximity to large water bodies increases 
the risk of plant flooding. In summer 2011, heavy flooding 
along the Missouri River was a cause for concern at several 
large Omaha Public Power District stations including the 
Fort Calhoun nuclear power plant located north of Omaha, 
Nebraska. Heavy spring rains combined with a rapidly melting 
above-average snowpack in the Missouri Basin created severe 
flooding that threatened to inundate that nuclear power plant. 
Although the plant had been shut down for refueling prior 
to the flooding and the water-surface elevation peaked 6 feet 
below the reactors, the 2011 flooding posed an unprecedented 
risk to a U.S. nuclear power facility. Less than 3 months 
before the Missouri River flooding, a tsunami following an 
earthquake inundated a nuclear power plant in Fukushima 
Dai’ichi, Japan, resulting in the eventual release of radioac-
tive material (Kurokawa and others, 2012; World Nuclear 
Association, 2018). These events prompted government 
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agencies to emphasize better risk-based assessment of inunda-
tion hazards for nuclear power plants, including reducing 
uncertainty in flood-frequency analyses (National Resource 
Council, 2014).

Most conventional flood-frequency analyses use statis-
tical techniques applied to streamgage data. Such analyses 
typically are limited to records of less than 100 years in the 
United States. Oftentimes, the short-term streamgage records 
either do not record low-probability floods or they record a 
rare event that seems to be out of historical context in the 
relatively short streamgage record. This, in turn, can lead to 
significant uncertainty in flood-frequency analyses (Harden 
and others, 2011). Therefore, much research has aimed to 
improve estimates of the frequency and magnitude of large 
flood events with low annual exceedance probabilities (AEP), 
here considered to be AEP values of 0.005 or less (Benito and 
others, 2004; Jarrett and Tomlinson, 2000; Lam and others, 
2017). One method of improving flood recurrence estimates, 
especially for floods with AEPs less than 0.05 (Stedinger and 
Cohn, 1986; Hosking and Wallis, 1986; Frances and others, 
1994; Kohn and others, 2016), is through paleoflood hydrol-
ogy (Baker and others, 1979; Harden and others, 2011; Benito 
and O’Connor, 2013; Greenbaum and others, 2014) in which 
geologic evidence is used to develop quantitative records of 
large floods that have occurred in the past (Baker, 1987).

Because of recent flooding near nuclear facilities, a 
desktop screening study addressing inundation hazards to 
nuclear power plants through the use of geologically extended 
histories of riverine floods, tsunamis, and storm surges was 
conducted by the U.S. Geological Survey (USGS) in coopera-
tion with the Nuclear Regulatory Commission (NRC) during 
2013–14 (O’Connor and others, 2014). The screening study 
used available hydrologic, geographic, and geologic informa-
tion. It accounted for the proximity of nuclear powerplants to 
rivers and the geologic and physiographic conditions of the 
watershed and river corridor relevant to forming and preserv-
ing paleoflood deposits. That study identified several rivers in 
the southeastern United States with high potential for improv-
ing flood-frequency estimates through paleoflood investiga-
tions. The Tennessee River in particular was determined to 
be a good candidate for analysis because of its sediment-
producing geology, reaches with stable boundaries, and the 

presence of three nuclear power plants—Watts Bar, Sequoyah, 
and Browns Ferry (fig. 1)—operated by the Tennessee Valley 
Authority (TVA).

In 2016, the USGS, in cooperation with the NRC, con-
ducted a feasibility study (Harden and O’Connor, 2017) on 
the Tennessee River to determine if conventional paleoflood 
investigation techniques might be successful for improving 
estimates of flood recurrence. A key question was whether 
such an approach could work in humid regions of the United 
States and whether flood-frequency estimates could be 
improved and used for flood-risk evaluations for nuclear 
power plants. The humid-region site of the Tennessee River 
contrasts with most previous paleoflood work in the United 
States, which has been done in arid or semi-arid regions. Key 
questions addressed were as follows:

1. What specific settings provide long-duration records of 
flood sediment?

2. Does increased bioturbation from plants and animals 
in humid regions hinder identification of individual 
flood units?

3. Do standard approaches for dating flood deposits, such 
as radiocarbon and optically stimulated luminescence, 
work well in active soil-forming environments such as 
the southeastern United States?

Results of the Harden and O’Connor (2017) study 
indicated that the Tennessee River Gorge was an excel-
lent location for a comprehensive paleoflood study. Caves, 
alcoves, bedrock ledges, and large colluvial boulders found 
at multiple elevations provide suitable environments for flood 
sediment accumulation and preservation. Although deposits 
were extensively bioturbated by plants, insects, and animals, 
identification of distinct flood deposits at many sites was 
made possible by careful stratigraphic examination. Harden 
and O’Connor (2017) also showed that standard approaches 
for dating flood deposits, such as radiocarbon and optically 
stimulated luminescence, were suitable for the active soil-
forming environment of the southeastern United States. This 
preliminary work indicated that at least a 3,000-year record of 
flooding has been recorded by slackwater flood deposits along 
the Tennessee River.
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Paleoflood Hydrology
An established approach for reducing uncertainty related 

to flood hazards is to incorporate data from large, previously 
unrecorded floods, or paleofloods, in the flood-frequency 
analysis (Baker and others, 1979; Salas and others, 1994; 
O’Connor and others, 1994; Hosman and others, 2003; Harden 
and others, 2011; Benito and O’Connor, 2013; Greenbaum 
and others, 2014). Paleoflood hydrology uses geological and 
botanical evidence to quantitatively estimate the magnitude 
and timing of large floods occurring prior to observational 
records. In certain environments, these records may span 
thousands of years, adding critical information to the gaged 
record and, when combined with the gaged and historical 
records, substantially reduce uncertainty in flood-frequency 
estimates (Hosman and others, 2003; Harden and others, 2011; 
O’Connor and others, 2014).

As a science, paleoflood hydrology has been recognized 
in the United States since the 1800s (Costa, 1978; Patton, 
1987; Baker, 2008). Although some of the early works contain 
speculative conclusions, the science has evolved tremendously 

through the early and mid-1900s, led by J Harlen Bretz (Bretz, 
1923, 1928, 1929), J.E. Stewart (Stewart and Bodhaine, 1961) 
and R.H. Jahns (Jahns, 1947). Starting in the mid-to-late 1970s 
and building on early analyses by Costa (1978) and Baker 
and others (1979), paleoflood studies in the United States 
increased significantly, spearheaded by Vic Baker (University 
of Arizona) and many of his students (Patton and others, 
1979; Ely and Baker, 1985; Patton, 1987; Baker and others, 
1988; Kochel and Baker, 1988; Webb and others, 1988; Baker, 
1989; O’Connor and others, 1994). These studies mainly 
relied on stratigraphic records of fine-grained flood deposits 
preserved in low-energy depositional environments, such as 
caves, alcoves, tributary mouths, and overbank areas. These 
earlier studies focused on the reconstruction of individual 
floods, mainly in semi-arid and arid environments, provid-
ing invaluable information for the understanding of large 
floods. Later, during the 1990s, statistical techniques started 
to be developed to use paleoflood data in quantitative flood-
frequency analyses (Stedinger and Cohn, 1986; Stedinger 
and Baker, 1987; Levish, 2002; O’Connell and others, 2002). 
Paleoflood hydrology is now applied globally (for example, 
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Herget and Fontana, 2020), and current methods for assess-
ing flood frequency are specifically designed to incorporate 
the results from such studies, such as analyses using methods 
outlined in Bulletin 17C, the Federal guidelines for flood-
frequency analysis (England and others, 2018).

Description of Study Area

Tennessee River

The Tennessee River forms in Knoxville, Tennessee, at 
the confluence of the Holston and French Broad Rivers and 
flows for 652 river miles3 (RM) through Tennessee, northern 
Alabama, northeastern Mississippi, and western Kentucky, and 
into the Ohio River near Paducah, Kentucky, near its conflu-
ence with the Mississippi River. The river basin encompasses 
about 41,000 mi2 (fig. 1). It is the seventh largest river in the 
United States in terms of mean annual discharge (Kammerer, 
1990). Since the creation of the Tennessee Valley Authority in 
1933, multiple dams and other infrastructure have altered the 
hydrogeomorphic character of the Tennessee River by trapping 
sediment behind large dams, creating large storage reservoirs 
and altering the natural flood regime (Marren and others, 
2014). Prior to the dams, the Tennessee River was difficult to 
navigate beyond the lower reaches because of swift currents, 
shallow water, rapids, and rocky shoals.

The Tennessee River Basin spans multiple physiographic 
provinces. In the southeastern basin, multiple tributaries such 
as the French Broad River head in the Blue Ridge physio-
graphic province primarily are underlain by Precambrian 
metamorphic rocks. Rivers such as the Holston River drain 
the Valley and Ridge physiographic province, which is 
dominantly formed of Cambrian to Ordovician sedimentary 
rocks deformed into a series of synclines and anticlines in the 
Tennessee section.

Hydroclimate
The Tennessee River Basin has a humid sub-tropical 

climate with mean annual rainfall of 51 in/yr, ranging from 38 
in/yr (97 cm/yr) to 65 in/yr (165 cm/yr) since the late 1800s. 
Most precipitation is in the mountainous areas of the headwa-
ters where it is typically 80–90 in/yr (200–230 cm/yr). The 
principal source of precipitation in the area is warm, northeast-
moving, moist air masses derived from the Gulf of Mexico 
region. However, high-intensity atmospheric disturbances off 
the Atlantic coast sometimes spill over the Blue Ridge barrier 
into the Tennessee and Cumberland River Basins (Speer and 
Gamble, 1964).

3 This report uses river miles for the Tennessee River as reported on USGS 
topographic maps. In accordance with existing records and standard engineer-
ing practice, hydrologic (streamflow, precipitation) and hydraulic model 
descriptions are expressed in English (U.S. customary) units, as are river miles 
of the Tennessee River. The stratigraphic analyses and descriptions relating to 
the paleoflood sites are expressed in metric units.

Mean annual runoff of the Tennessee River is about 43 
percent of the mean annual precipitation over the drainage 
area (1890–1990; Tennessee Valley Authority, 1993). Snowfall 
occurs at the higher elevations, but persistent accumulations 
of significant depth are rare. Considerable natural storage is 
afforded by the deep soils and extensive groundwater stor-
age in many of the tributary areas that attenuate runoff. Thick 
vegetation on steep slopes also helps decrease runoff from 
heavy precipitation (Tennessee Valley Authority, 1961). 
Extra-tropical cyclones moving northward into the basin from 
the Gulf of Mexico during December through April are the 
major flood-producing storms in the basin. When these storms 
stagnate, great precipitation volumes overwhelm the natural 
(and artificial) storage and can cause major widespread flood-
ing. An exceptional instance was the 1867 historical flood at 
Chattanooga described in more detail in section, “Historical 
and Modern Streamflow Record,” and well documented in 
conjunction with several other major Tennessee River floods 
and flood-producing storms in a report by the Tennessee 
Valley Authority (1961).

Tennessee River Gorge

The main study reach is located from about RM 443 to 
457, within the Tennessee River Gorge just downstream from 
Chattanooga, Tennessee (fig. 2). The Tennessee River Gorge 
lies just downstream from the transition from the Tennessee 
section of the Valley and Ridge physiographic province to the 
Cumberland Plateau section of the Appalachian Plateau. Here, 
the Tennessee River has incised through Pennsylvanian and 
Mississippian carbonate and clastic sedimentary rocks of the 
uplifted Cumberland Plateau. Sandstone and conglomerate 
form massive, nearly vertical cliffs hundreds of meters high 
(fig. 3). Colluvial slopes below the cliffs have local outcrops 
of limestones, dolomites, and shales, but most commonly are 
formed of weathered and vegetated colluvium derived from 
the sandstone cliffs. Of particular relevance to this study are 
the abundant large colluvial sandstone boulders flanking the 
gorge throughout its length, which create sheltered areas that 
preserve historical and prehistoric flood deposits (fig. 4).

During the last 100 years, the Tennessee River within the 
gorge has been affected by impoundment, first behind Hales 
Bar Dam (RM 431) and then behind Nickajack Dam (RM 
424). Completed in 1913 to improve navigation through the 
Tennessee River Gorge, the Hales Bar Dam leaked almost 
immediately because of issues related to its construction on 
fractured and crevassed limestone (Smithsonian Institution, 
2020). Backwater from Hales Bar Dam extended nearly to 
Chattanooga at about RM 460. Nickajack Dam, completed in 
1967, was built to replace Hales Bar Dam, which was dis-
mantled in 1968. The reservoir behind Nickajack Dam reaches 
all the way to Chickamauga Dam at RM 471, about 10 miles 
upstream from Chattanooga.
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Figure 2. Study area and paleoflood study sites just downstream from Chattanooga and within the Tennessee River 
Gorge, Tennessee. Streamflow is from right to left.

Figure 3. Sandstone cliffs of the Tennessee River Gorge, Tennessee. Photograph 
was taken looking upstream near river mile 445.
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Figure 4. Large colluvial boulders common to the hillslope in the Tennessee 
River Gorge, Tennessee. These boulders can create sheltered areas ideal for 
preservation of paleoflood deposits.

Prior to impoundment, the low-flow channel descended 
a series of bedrock shoals and drops within the study area. 
Colorful names by early settlers—The Suck, Deadman Eddy, 
and The Pot—hint at navigation challenges and consequences 
there. Most of these hazards owe to complicated hydraulics 
created by large rockfall boulders and bedrock narrows com-
mon in the river bottom. The present-day valley bottom within 
the study area generally is less than about 500 m wide (fig. 5).

Figure 5. Tennessee River Gorge occupied by the 
now-impounded Tennessee River (Nickajack Lake), Tennessee. 
The channel and valley bottom in the gorge generally are less than 
about 500 meters (1,500 feet) wide. Photograph was taken looking 
upstream near river mile 445.

Historical and Modern Streamflow Record

Floods have occurred in all months within the basin, but 
most large floods on the main-stem Tennessee River result 
from winter and early spring precipitation (Speer and Gamble, 
1964). The TVA and USGS have documented several large 
floods on the Tennessee River since the early 1800s (table 1; 
Tennessee Valley Authority, 1939, 1940, 1961; Speer and 
Gamble, 1964). The largest historical flood and the current 
peak of record occurred in March 1867. Reliable rainfall 
records are unavailable for that flood, but the cause was 
widespread heavy rain from a quasi-stationary frontal-type 
storm that lasted several days in combination with a melting 

Table 1. Largest documented floods for U.S. Geological 
Survey streamgage 03568000, Tennessee River at Chattanooga, 
Tennessee (U.S. Geological Survey, 2019a).

[Symbol: –, no data]

Water 
year

Date
Streamgage 

height 
(feet)

Streamflow 
(cubic feet 

 per second)

1826 March 1826 41.5 –
1847 March 1847 42.4 –
1867 March 11, 1867 57.9 459,000
1875 March 1, 1875 54.0 410,000
1886 April 3, 1886 52.5 391,000
1917 March 7, 1917 47.7 341,000
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snowpack at higher elevations. According to an unnamed 
newspaper quoted in The Chattanooga Flood Control Problem 
(TCFCP; Tennessee Valley Authority, 1939):

“The rain which caused this great inundation 
extended simultaneously from the Blue Mountains 
composing the entire drainage of the upper Tennessee 
which, with the melting snow, filled every tributary of 
that river at nearly the same time.”
Near Chattanooga, the resulting flood was described 

in the Report of Chief of Engineers, 1875–76 and quoted in 
TCFCP (Tennessee Valley Authority, 1939, p. 71) as follows:

“At Chattanooga, the rise began on March 4, over-
flowed the banks on March 8, and attained height on 
March 11, being 53 feet above low water… Rains 
were incessant for four days before the highest 
water.…The destruction of property and life occa-
sioned by this flood was beyond parallel in the his-
tory of the Tennessee valley.”
The flood was especially devastating to Chattanooga 

because of its unique geography. The city of Chattanooga 
lies immediately upstream from the mouth of the Tennessee 
River Gorge. The narrow gorge constricts large flows on the 
Tennessee River, creating backwater that can flood the city. 
The valley morphology acts much like an hourglass; the 
rivers and other waterways draining a contributing area of 
about 21,000 mi2 upstream from Chattanooga must funnel 
through the narrow gorge after which it spreads out again into 
wider flatlands. The discharge estimate for the 1867 flood at 
Chattanooga is 459,000 ft3/s for the associated stage of 57.9 
ft (679.0 ft above North American Vertical Datum of 1988 
[NAVD 88]; U.S. Geological Survey, 2019a).

The USGS streamgage 03568000, Tennessee River at 
Chattanooga, Tennessee, at RM 464.3, has provided a con-
tinuous record of annual peak discharge estimates and stage 
heights since 1874. Based on historical documents and local 
site information, this record also includes the stage height 
and a discharge estimate for the historical 1867 flood as well 
as stage heights for large historical floods in 1826 and 1847 
(table 1). For reference, the drainage area of the Chattanooga 
streamgage is 21,400 mi2, compared to about 21,700 mi2 for 
most of the paleoflood sites in this study.

The 1867 flood was not the only large, destructive 
historical flood on the Tennessee River. On March 1, 1875, 
prolonged precipitation caused widespread flooding, this 
time peaking at a stage of 54.0 ft (675.1 ft above NAVD 88) 
with an estimated discharge of 410,000 ft3/s at Chattanooga. 
Eleven years after the 1875 flood, another large storm caused 
severe flooding on April 3, 1886. The stage was 52.5 ft (673.6 
ft above NAVD 88) at Chattanooga with an associated peak 
discharge of 391,000 ft3/s. Since records were kept, only one 
other flood on the Tennessee River peaked with a discharge 
of greater than 300,000 ft3/s at Chattanooga (341,000 ft3/s in 

1917); the rest of the 137 years of annual peaks are at less than 
300,000 ft3/s. Although the USGS streamgage at Chattanooga 
reports only the stages for the large historical floods in 
1826 and 1847, their discharges likely were similar to the 
March 2, 1890, flood of 283,000 ft3/s, which was of similar 
stage. Incorporation of the 1826 and 1847 flood stages in the 
gaged record indicates that they were the largest floods on the 
Tennessee River in the 1826–67 period, since larger floods 
would almost certainly have been reported.

From 1933 to 1979, the TVA constructed 3 dams on the 
main-stem Tennessee River upstream from the gorge (9 total 
main-stem dams) and 49 dams total in the Tennessee River 
Basin. These dams provide for power generation, navigation, 
and flood control; however, the threat from flooding persists. 
In March 1973, widespread Tennessee Valley flooding resulted 
in the river stage at Chattanooga cresting at about 36.9 feet 
(Edelen and Miller, 1976), about 7 feet above flood stage 
despite upstream reservoirs storing much of the floodwater. 
Had the reservoirs not been in place, the natural stage height 
would have peaked at about 52.4 feet (Tennessee Valley 
Authority, 1974; Edelen and Miller, 1976), a stage similar to 
that reached by the 1886 flood.

Methods of Investigation
Stratigraphic records were used to document the age and 

magnitude of large, previously unrecorded floods. These data 
were combined with modern streamflow records and histori-
cal flood accounts to improve estimates of flood frequency, 
particularly for floods of low annual exceedance probability. 
The overall approach was similar to that described in detail in 
Harden and others (2011) for a paleoflood study conducted in 
the Black Hills of South Dakota:

1. Develop a flood chronology for the Tennessee River near 
Chattanooga using stratigraphic analyses and geochro-
nology from multiple sites at multiple elevations in the 
study area;

2. Estimate peak flow magnitudes associated with eleva-
tions of flood evidence using a one-dimensional (1D) 
hydraulic model;

3. Combine the information developed from steps 1 and 
2 to develop a history of timing and magnitude of large 
floods affecting the study reach; and

4. Use all available information, including paleoflood, 
gaged, and historical records to calculate flood-
frequency analyses using methods outlined in Bulletin 
17C, the Federal guidelines for determining flood fre-
quency (England and others, 2018).
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Stratigraphic Analysis

Once permits and land access were granted, potential 
paleoflood sites were located by examining both sides of the 
Tennessee River Gorge on foot and by boat. Within the gorge, 
most preserved flood deposits suitable for stratigraphic analy-
sis were found beneath large colluvial sandstone boulders 
along the hillslopes, in caves, underneath bedrock ledges, and 
in alcoves formed in and along a limestone outcrop on the left 
bank near the upstream entrance to the gorge. A common situ-
ation was that of preserved flood deposits sheltered by large 
rockfall blocks embedded in the valley slopes. Many of these 
blocks were large enough to protect the sediment that accumu-
lated at their bases from precipitation and excessive vegetation 
growth (fig. 6). Searches for appropriate sites were guided by 
knowledge of the peak water-surface elevations of previous 
large floods, such as the 1867 and 1917 floods, as described in 
an extensive Tennessee Valley Authority (1940) flood report. 
Hand-level surveys provided estimates of approximate site 
elevations. Knowing approximate site elevations guided site 
selection to ensure that stratigraphic assessments spanned the 
entire range of plausible Holocene flood inundation elevations, 

an important consideration because it is the records of large 
and rare floods that most influence resulting frequency assess-
ments. Potential sites at multiple elevations were examined to 
more accurately define the frequency of flooding at different 
stages and to define an upper limit of flood magnitude during 
the mid-to-late Holocene (<4,000–5,000 years ago).

Once ideal locations were identified, pits as deep as 1 
m were hand dug to expose the stratigraphy. Most pits had 
a mix of fluvial deposits and deposits of slope wash or other 
local material. Flood deposits were texturally and mineralogi-
cally distinct and commonly were finely laminated (fig. 7). 
Individual flood deposits typically were separated from each 
other by evidence of a temporal hiatus including layers or 
isolated clasts of rockfall, weak soil development, interven-
ing units of poorly sorted slope wash or other locally derived 
material, and bioturbated alcove or cave floor deposits. 
Stratigraphy was described at each site and recorded in field 
notebooks. Field descriptions included color, texture, degree 
of sorting, bedding, grain minerology if known, presence of 
organic material, and structure, along with any other notable 
features. A key indicator of fluvially derived material in the 
study reach was the presence of mica grains, first noted during 

Areas of flood sediment
preservation

Figure 6. Boulder alcoves where sediments providing evidence of paleofloods are deposited and preserved for hundreds 
to thousands of years, in the Tennessee River Gorge, Tennessee.
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Figure 7. Laminated flood deposit likely from the 1867 
historical flood on the Tennessee River, Tennessee.

the feasibility study (Harden and O’Connor, 2017). Modern 
Tennessee River sediments are rich in mica sourced from 
the metamorphic and igneous headwaters of the Blue Ridge 
Mountains. The local geology of the gorge mainly is com-
posed of sandstone and limestone and contains only micro-
scopic mica. Therefore, the presence of mica in a deposit, 
along with supporting evidence, strongly suggests far-travelled 
Tennessee River flood sediment.

Geochronology

The stratigraphic interpretations provided information on 
the number of floods and their relative ages, with more recent 
flood deposits on top of, or inset against, older deposits. Ages 
of individual flood deposits and the total length of record pre-
served in the stratigraphy were obtained by standard geochro-
nologic techniques.

The primary geochronologic technique used in this study 
was radiocarbon analysis using carbon-14 (14C; Stuiver and 
Polach, 1977). Dated organic material—primarily charcoal; 
wood fragments; seeds; leaves; and, in one case for this study, 
a rodent fecal pellet—constrained the ages of deposits. The 
14C method is premised on plant photosynthesis, by which 
atmospheric carbon is incorporated in their tissue, including 
the radioisotope 14C. When the plant dies and photosynthesis 
stops, the amount of 14C within the plant material system-
atically declines at a rate governed by the 14C half-life of 
5,730 plus or minus (±) 40 years. Thus, the abundance 14C 
in a given sample, relative to the stable isotope of carbon-12 
(12C), indicates the time since plant death and an age for the 
sample. An inherent assumption for paleoflood hydrology is 
that the time of plant death closely approximates the age of 
the deposit in which the organic material was found. But this 
is only true if plant death coincides with incorporation into the 
deposit. In general, the time between plant death and deposit 
incorporation (for example by entrainment in a flood and 

subsequent deposition) can be considered short, especially for 
delicate organic materials such as leaves and fine twigs not 
likely to survive long on the surface, particularly in the humid 
southeastern United States. However, more durable organic 
materials, particularly charcoal and large wood fragments, 
may persist for long periods before incorporation in a deposit, 
or may even recycle through multiple episodes of deposition 
and erosion. Such organic materials can give erroneously old 
ages for their enclosing deposit (Blong and Gillespie, 1978). 
Therefore, the best materials for radiocarbon dating are twigs, 
leaf fragments, and similar organic materials, which are 
unlikely to persist when exposed to the elements. Additionally, 
the most secure interpretation of radiocarbon ages is that the 
age of the organic material within a stratigraphic unit gives a 
maximum age of the deposit—in other words, the enclosing 
deposit must be the same age or younger than radiocarbon 
ages of detrital organic materials contained within the deposit. 
However, for delicate materials, the age discrepancy likely is 
small. At sites with extensive bioturbation from plants, insects, 
and animals, organic material may move from its original 
position in the stratigraphy and get redistributed into either 
older or younger deposits leading to erroneous ages for the 
deposit dated. The potential for this error is minimized by col-
lecting single organic samples (rather than bulk) and by care-
fully inspecting stratigraphy to ensure that the dated material 
has not been emplaced by post-deposition vegetation growth 
or bioturbation.

In addition to uncertainty that can be introduced by the 
stratigraphic context of the sample, the resulting 14C analysis 
and conversion to sample age introduces uncertainty. In partic-
ular, the ratio of 14C to 12C in the atmosphere, biosphere, and 
hydrosphere has varied; consequently, radiocarbon ages based 
on the historical ratio diverge from true calendar ages. For this 
reason, all radiocarbon ages were converted to calendar ages 
using established calibration procedures. For radiocarbon ages 
less than about 300 years, the resulting uncertainties in the cal-
endar age are especially large because of the large and varying 
quantities of 12C released into the atmosphere by anthropo-
genic burning of fossil fuels (Walker, 2005). Radiocarbon ages 
of from 60 to about 300 years before present (BP) are difficult 
to distinguish from each other, hindering more precise dating 
of individual flood deposits from this time period (Taylor, 
2001). Samples of organic materials photosynthesizing after 
A.D. 1950 have particularly high 14C levels because of sub-
stantial 14C introduction into the atmosphere by above-ground 
nuclear testing, and such post-1950 ages are simply noted as 
“modern.”

In this study, sites were selected based on the likelihood 
of flood deposit preservation. The focus was on sites with 
reduced bioturbation from plants, animals, and insects. We pri-
oritized dry, sheltered sites with limited vegetation growing on 
the surface. Intense bioturbation can blur or erase stratigraphic 
contacts between deposits, making identification and interpre-
tation of unique flood deposits more difficult. Care was taken 
to choose in-place organic material for radiocarbon analysis 
from well-defined stratigraphic deposits.
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Organic samples were collected from flood deposits as 
well as from intervening deposits of local material. Samples 
were collected as we examined and described site stratigra-
phy to avoid possible later ambiguity in stratigraphic context. 
Samples were collected by hand using a metal spatula, trowel, 
or knife and placed in sealable plastic bags. The nature of the 
material, its location in the section, and depth below the sur-
face were recorded for each sample. For some flood deposits 
without individual pieces of visible organic material, bulk sed-
iment samples were collected and more closely examined later 
to identify datable fragments of organic material. From 74 
collected samples, the 28 samples submitted for radiocarbon 
analysis were selected (1) on the basis of judgments regarding 
the relative importance of individual deposit sequences for 
understanding the overall flood history; (2) to obtain ages for 
the largest floods; and (3) to determine the length of deposi-
tional records at key sites, typically by selecting samples from 
near the base of deposit sequences. Results from basal units 
guided selection of additional analyses. Additionally, multiple 
samples from some individual flood deposits (or intervening 
layers) were submitted to confirm key ages or to reduce ambi-
guity for cases where ages from previously analyzed samples 
were inconsistent with stratigraphy. For all samples, 14C activ-
ity was measured by accelerated mass spectrometry, either by 
Aeon Laboratories in Tucson, Arizona, or by Beta Analytic in 
Miami, Florida.

Radiocarbon results include the uncalibrated radiocar-
bon age ± the analysis error of one standard deviation (1-σ 
or 1-sigma). The uncalibrated radiocarbon ages were then 
converted to calendar year ranges by calibration curve (Bronk 
Ramsey, 1994) as implemented by the radiocarbon calibration 
program Oxcal version 4.3 (Bronk Ramsey and others, 2001; 
Bronk Ramsey, 2009; Reimer and others, 2009). In addition to 
the uncalibrated analysis results, we report the calendar year 
calibrations as well as the resulting two standard deviation 
(2-σ or 2-sigma) calibration uncertainties. Because the amount 
of atmospheric 14C has varied through time, the results are a 
range of calendar years, or in many cases, multiple calendar-
year periods. For example, a radiocarbon date of 1184 ±25 14C 
years BP will calibrate to a two-sigma calendar year range of 
A.D. 770–895 and A.D. 928–941.

Optically stimulated luminescence (OSL) is another 
geochronologic method commonly used to date fluvial depos-
its. We applied this method for some sites where no datable 
organic material was found during stratigraphic examination 
or to confirm or reduce ambiguity from radiocarbon analysis 
results. OSL dating relies on accumulation of free electrons 
from the radioactive decay of naturally occurring radioiso-
topes such as uranium (U), thorium (Th), and potassium-40 
(K) (Walker, 2005). Sediment deposits containing or near 
radioactive isotopes are subjected to low levels of radiation. 
The electrons derived from the radioactive decay accumulate 
in structural defects in the crystal lattice of a mineral grain—in 
this case, quartz. The electrons remain trapped in the crystal 
lattice until they are exposed to light. Once exposed to light, 
the electrons are stimulated and released. In the laboratory, 

these released electrons can be measured and correlated to 
the amount of time the electrons have been accumulating, or 
similarly, the amount of time the sediment has been buried. 
This indicates the age of sediment deposition and burial by a 
flood in fluvial deposits or by slope processes in local deposits. 
Favorable factors of successful OSL dating include geology 
containing naturally occurring radioactive isotopes, quartz, 
and an abundant source of fine-grained sand.

The use of OSL to date fluvial sediments is widespread 
but also has limitations. In turbid floodwaters, the amount of 
sunlight reaching sand grains might be insufficient to reset the 
OSL signal prior to deposition. The same is true for flood sedi-
ment transport and deposition during the night. This incom-
plete resetting or partial bleaching of the signal within grains 
can lead to an overestimation of the actual age of the last 
burial (Wallinga, 2002). Although still an issue, recent analysis 
techniques can help account for partial bleaching (Rittenour, 
2008; Cunningham and others, 2015).

Sediment samples for OSL analysis were collected in 
2–5 cm diameter plastic tubes 10–20 cm long. The tubes were 
hammered horizontally into freshly exposed flood sediments 
in locations selected to avoid large rocks and post-depositional 
disturbances such as bioturbation, large roots, or desiccation 
cracks. Aluminum foil was packed into the exposed end of the 
tube to minimize sample movement in the tube during transit. 
Tubes were capped, wrapped in aluminum foil, and sealed 
with opaque tape to prevent light exposure. For sampling 
under bright conditions, an opaque cloth was used to cover 
and shield sample collection. Bulk sediment samples of 600 g 
or larger were collected in sealable plastic bags for measure-
ment of water content and dose rate. In total, eight samples 
were collected, with five samples analyzed by the USGS 
Luminescence Dating Laboratory in Lakewood, Colorado 
(U.S. Geological Survey, 2019b). Results from the OSL 
laboratory include measures of the field moisture and radiation 
level as well as scatter percent and deposit age in years before 
present. Scatter refers to variability in equivalent dose (De) 
between grains. The De is the laboratory-produced radiation 
dose that is equivalent to the natural luminescence emission 
of the quartz grains. Scatter may be caused by partial bleach-
ing of the quartz grains prior to deposition or other processes 
such as grain-to-grain variability in the natural dose rate 
(Cunningham and others, 2011). Scatter greater than 20–30 
percent is considered poorly bleached or mixed sediment 
(Murray and others, 2012), and results from samples with such 
high levels of scatter should be treated with caution (Galbraith 
and Roberts, 2012).

Hydraulic Modeling

The elevation of a flood deposit gives a minimum esti-
mate for the peak stage of the emplacing flood (Baker, 1987; 
Kochel and Baker, 1988). The highest deposits left by a spe-
cific flood may closely approximate the peak stage (Webb and 
others, 2002), although maximum flood stages may exceed 
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the highest deposits in many cases (Harden and others, 2011). 
Estimates of emplacing discharge are obtained by relating 
stage evidence to channel geometry by hydraulic calculations. 
These calculations typically are based on modern channel and 
valley topography. This introduces an additional assumption 
that changes in channel geometry have been sufficiently small 
during the time represented by the stratigraphic record to not 
substantially affect calculations of flow rate associated with 
specific deposit elevations. This assumption likely is valid 
in the bedrock-confined boundaries of the Tennessee River 
Gorge, where the common presence of bedrock near the cur-
rent channel bottom (Tennessee Valley Authority, 1940) and 
along valley margins indicates overall stability, particularly 
for the less than (<) 5,000-year analysis period. Although 
changes in channel and valley geometry likely are small for 
the timeframe of the paleoflood records, minor mass wast-
ing and downed timber possibly have locally affected flow 
hydraulics. No evidence, however, of large-scale mass wasting 
was discovered during our investigations, so such events are 
unlikely to have substantially affected results.

A key aspect of any paleoflood study is the estimation of 
flood magnitudes associated with flood evidence preserved in 
the stratigraphic record. For this analysis, we developed a 1D 
hydraulic model for the study reach from which we compared 
deposit elevations to calculated water-surface profiles for a 
range of discharges. Two key components are determination of 
deposit elevations and developing a robust hydraulic model.

To obtain accurate elevations of the flood deposits, the 
elevation of all sites in this study were surveyed in winter 
(leaf-off) by a TVA survey crew using real-time kinematic 
Global Positioning System with <0.10 ft vertical accuracy 
(Kubas, 2017). Site locations and elevations were measured 
using North American Datum of 1983 2011 horizonal datum 
and North American Vertical Datum of 1988. Historical 
Tennessee River flood elevation profiles published by the 
Tennessee Valley Authority (1940) used the National Geodetic 
Vertical Datum of 1929; however, in the study area, the 
conversion between the datum is less than 0.08 ft (National 
Geodetic Survey, 2019).

The hydraulic modeling was based on a 1D steady-
flow U.S. Army Corps of Engineers (USACE) Hydraulic 
Engineering Center (version 4.1; Brunner, 2010a, 2010b) 
River Analysis System (HEC-RAS) model for the Tennessee 
River previously developed by the TVA (Kubas, 2017). The 
TVA hydraulic model is referred to as the “naturals” model 
and is described as a combined hydrologic and hydraulic 
model created by removing the majority of dams from the 
operational TVA basin hydrology and hydraulics models and 
changing any factors necessary to represent a condition of 
the river with no dams (Kubas, 2017). The 1D steady state, 
subcritical algorithms in HEC-RAS assume gradually varied 
flow (slopes <1:10) in order to use the direct step method to 
solve the energy equation (Brunner, 2010b). The TVA “natu-
rals” HEC-RAS model met the requirements of subcritical 
flow for the high flows being considered with very low gradi-
ent channel slopes ranging from 0.00023 in the upper section 

and Chattanooga, to 0.00027 in the Tennessee River Gorge. 
The model was developed mainly from the TVA-validated 
Simulated Open Channel Hydraulics model (Tennessee Valley 
Authority, 2014) and HEC-RAS tributary models. Pre-dam 
bathymetry and topography were geo-referenced and based 
on USACE bathymetric surveys, digital terrain data from 
State and local databases, and USGS topographical maps 
(Tennessee Valley Authority, 2015).

For the purposes of this study, a 215-mi reach (fig. 8) 
was extracted from the full TVA “naturals” model. The shorter 
reach encompassed the main-stem Tennessee River between 
RM 499 to RM 284. This shorter reach was selected so that 
initial conditions specified at the downstream analysis-reach 
boundary did not influence model results at the paleoflood 
sites. The selected reach takes advantage of a stable and 
unmodified location to establish a downstream stage-discharge 
boundary condition. The shorter reach includes three sub-
reaches to account for changes in gradients, sinuosity, and 
storage, and other changes characteristic of the channel and 
overbank areas. The uppermost sub-reach of the Tennessee 
River begins downstream from the confluence with the 
Hiawassee River at RM 499 and extends downstream to RM 
471 to the present-day location of Chickamauga Dam (which 
is not included in the “naturals” model; fig. 8). The next 
sub-reach extends from RM 471, through the low-gradient 
wide valley hosting Chattanooga (with many backwater areas 
represented in HEC-RAS as storage areas) to RM 454, just 
downstream from Williams Island. The next downstream sub-
reach, the Canyon sub-reach beginning just downstream from 
Williams Island, is narrow and confined by the bedrock walls 
of the Tennessee River Gorge (fig. 5). The Chickamauga Dam 
and Canyon sub-reaches include all the paleoflood sites in this 
study (RM 455–443). Downstream from the Canyon sub-
reach, the river widens out into present day Nickajack Lake.

The cross-sectional spacing, floodplain topography, and 
channel bathymetry in the original “naturals” model is com-
posed of measurements and previous models combined over 
time and generally discussed in Tennessee Valley Authority 
(2014). Within the shortened model, methods of data acqui-
sition, accuracy, and spacing of channel bathymetry and 
floodplain topography vary among the sub-reaches mentioned 
in the preceding paragraph. Here, the bathymetry and topog-
raphy are described based on accuracy and likely method of 
data acquisition from observations of the model geometry. 
In the Chickamauga Lake sub-reach (fig. 8), cross sections 
were spaced at intervals of about 1.5–2 miles. The floodplain 
topography in the model likely is extracted from a 20-ft USGS 
7.5-minute topographic map. The in-channel bathymetry 
apparently is derived from points surveyed at spacing intervals 
averaging about 90 ft, and less than 250 ft, at sub-foot vertical 
accuracy. Cross sections for the Chattanooga and Canyon sub-
reach were irregularly spaced from <500 to 2,000 feet apart, 
which better characterized the hydraulics of the meandering 
channel and allowed for connection to storage areas in the flats 
of the Chattanooga area. The floodplain topography and the 
in-channel bathymetry are gathered at about 3-ft cross-channel 
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Figure 8. Main reach and sub-reaches of the hydraulic model used in this study of the Tennessee River Basin, Tennessee.

point spacing with sub-centimeter vertical accuracy, appar-
ently obtained from multi-beam lidar, and (or) detailed 
surveying (for example, U.S. Geological Survey, 2020; 
Tennessee Department of Finance and Administration, 2020). 
Downstream in the Nickajack Lake sub-reach, cross sections 
are spaced from about 500 to 2,000 feet apart, here with cross-
channel point spacing about 10 feet apart and sub-foot vertical 
accuracy.

Because cross sections were widely spaced, additional 
cross sections were added by interpolation to reduce the 
calculated energy loss between cross sections to maintain the 
validity of the assumption of gradually varied flow. Sensitivity 
analyses showed little effect on water-surface elevations from 
adding interpolated bathymetry to the model.

Boundary and initial conditions for the shortened model 
used in this study were developed from the TVA full “natu-
rals” hydraulic model. To quantify the downstream boundary 
condition, the full-length model domain was run for a range 
of flows. From this, the stage-discharge rating curve was 
established at the downstream boundary (RM 284) and input 
as the initial boundary condition in the shortened model used 
in this study. Initial conditions for each run in the shortened 
model were developed for overland contributions and tributary 
flows based on a relation with the Chattanooga streamgage. 
The overland and tributary flows were accounted for in the 
hydraulic model using pre-dam output data from the USACE 
hydrologic model HEC-HMS, for a set of storm peaks from 
1920 to 1930, as part of the TVA “naturals” model (Tennessee 
Valley Authority, 2014; Kubas, 2017).

For this study, model runs were calibrated to documented 
high-water marks for three historical floods occurring in the 
following years prior to dam construction: 1867, 1875, and 
1886 (459,000 ft3/s, 410,000 ft3/s and 391,000 ft3/s, respec-
tively, at the Chattanooga USGS streamgage 03568000.). High 
water marks for these events were plotted in January 1940 
(Tennessee Valley Authority, 1940), and the sources of the 
elevations were summarized in Tennessee Valley Authority 
(1961). Calibration was based on adjusting Manning’s n val-
ues, which characterize the surface roughness of the channel 
and overbank areas. Initial assignments ranged from 0.02 to 
0.035 for the mostly unforested reaches outside the Tennessee 
River Gorge area. In the gorge area, Manning’s n was assigned 
as high as 0.05 for the channel owing to submerged trees and 
bedrock shoals and as high as 0.12 for the forested overbank 
areas. After minor adjustment of the Manning’s n roughness 
coefficient during model calibration, the root mean square 
error in the calculation ranged from 0.67 ft for the 1867 flood 
to 0.97 for the 1886 flood, with an average across all observa-
tions of 0.80 ft. From the resulting calibrated model, site-
specific rating curves were constructed for each paleoflood 
site, enabling estimation of the discharge required to inundate 
each site (Harden, 2021). To characterize sensitivity of the 
model to the calibrated Manning’s n values, the model was 
run for Manning’s n of ±25percent, which led to an average 
difference in discharge associated with stage estimates at the 
paleoflood sites of 18–28 percent.
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Compiling the Overall Flood Chronology

The stratigraphy, geochronology, and hydraulic modeling 
results from all sites along the Tennessee River were distilled 
into an overall chronology of the number, timing, and magni-
tude of large floods. This interpretative process involves com-
bining information from all sites and establishing relations of 
various stratigraphic units within and among individual sites. 
This was aided by defining two benchmark sites with long 
records of large floods. Evidence from the two benchmark 
sites, Jeff-n-Steph and Red Flower, were supplemented by the 
stratigraphic records, geochronology, and discharge estimates 
from all other sites. Interpretation of the overall chronology 
required correlation of flood deposits among all the sites based 
on relative stratigraphic description and position, age, eleva-
tion and discharge estimation.

The typical approaches used for interpreting flood 
sequences at individual sites and for correlating among sites 
within a reach possibly could lead to underestimation of the 
number of floods in the stratigraphic record. A fundamental 
premise is that deposition of flood sediment requires exceed-
ance of the deposit elevation by flood stage. However, it is 
possible that a flood exceeding a deposit elevation may do 
so barely, or for some other reason such as lack of avail-
able sediment or because of local hydraulic factors causing 
erosion, may not leave a recognizable deposit. Additionally, 
because the stratigraphic analysis relies on evidence of a 
temporal hiatus for distinguishing individual flood deposits, 
multiple deposits from floods separated by short intervals of 
time potentially can be counted as a single flood unit if such 
evidence of hiatus is weak or obscured because of bioturbation 
or other factors (Benito and O’Connor, 2013). Correlations 
among sites were additionally conservative (to not overcount 
floods) in that stratigraphic records from sites within the study 
reach were inferred to completely overlap unless compel-
ling stratigraphic or geochronologic information indicated 
otherwise. This, too, can lead to undercounting of the total 
number of floods if incomplete but disparate records are not 
recognized as such, yet are incorporated in the final record. 
Although knowing the precise ages of flood deposits is not 
critical for the flood-frequency analysis (Hosking and Wallis, 
1986; Blainey and others, 2002), uncertainty in age can affect 
correlations among flood deposits. In particular, deposits of 
similar age generally were considered to record the same 
flood, unless there was compelling stratigraphic or discharge 
estimate information that indicated they were not derived from 
the same flood.

These biases most likely lead to possible flood under-
counts, meaning that the resulting flood-frequency analyses 
are more likely to underestimate flood frequency rather than 
to overestimate it. However, such possible underestimation is 
minimized by (1) examining multiple sites at multiple eleva-
tions to compile the most complete record of the number of 
floods as well as a range of magnitudes; and (2) focusing 
the flood-frequency analysis only on the largest, rarest, and 

most recent floods, in this case the last 4,000 years, for which 
processes such as bioturbation are less likely to have sufficient 
time to obscure stratigraphic records.

Flood-Frequency Analysis

Conventional flood-frequency analysis typically is based 
on systematic records, such as flood records from streamgages. 
In the last few decades, however, new statistical methods 
have proven the value of supplementing gaged records with 
historical and paleoflood information (Stedinger and Baker, 
1987; England and others, 2010; Harden and others, 2011; 
Greenbaum and others, 2014; Lam and others, 2017). In 
response to the increasing application of paleoflood studies to 
flood-frequency analyses, techniques devoted to incorporating 
paleoflood information are now widely available (Cohn and 
others, 1997; O’Connell, 1999; O’Connell and others, 2002; 
England and others, 2003) and are incorporated in the Bulletin 
17C Federal guidelines for flood-frequency analysis (England 
and others, 2018).

For this study, flood-frequency analyses were done using 
the USGS software program PeakFQ v7.2 (Flynn and others, 
2006; Veilleux and others, 2014), implementing the Guidelines 
for Determining Flood Flow Frequency—Bulletin 17C 
(England and others, 2018). Bulletin 17C adopts the Expected 
Moments Algorithm (Cohn and others, 1997, 2001)—a gen-
eralization of the method of moments that can accommodate 
interval, censored, and binomial-censored data—to fit a log-
Pearson Type III statistical distribution (a distribution defined 
by a mean, variance, and a skew) to a series of peak flows at a 
streamgage.

The streamgage record for this study comes from USGS 
streamgage 03568000, Tennessee River at Chattanooga, 
Tennessee. This streamgage has been continuously recording 
annual peaks flow from 1874 to 2008. Regulation upstream 
from the streamgage began in 1937; hence our flood-frequency 
analysis only includes the 62 years of natural peak flow 
records preceding flow regulation.

The PeakFQ implementation software allows specifica-
tion of dates, discharge intervals of peak-flow events, and 
perception thresholds. Perception thresholds are a stage or 
discharge threshold for which a record would provide informa-
tion on the flood peak in any given year (England and others, 
2018). For example, a high cave in the side of a river valley 
will only accumulate deposits from floods high enough to 
inundate the cave and leave a deposit. In this instance, the 
lower bound of perception threshold is the discharge (or stage) 
at which flood water would enter the cave, assuming each 
inundation results in an individual deposit. Every year, then, 
the river of interest can be characterized as having a peak 
discharge that either exceeded, or did not exceed, that percep-
tion threshold. Such perception thresholds commonly vary 
with time. For example, the cave might represent a perception 
threshold for records of extreme floods going back thousands 
of years, but the last several decades might be accounted for 



14  Improving Flood-Frequency Analysis on the Tennessee River near Chattanooga, Tennessee

with a lower perception threshold consisting of flood marks 
on a bridge, assuming that each time the flow stage reached 
the bridge, a mark was made. The date of bridge construc-
tion could define the beginning of the associated perception 
threshold. The end member condition is a typical streamgage, 
for which the lower bound of perception threshold commonly 
is zero, meaning that each and every year the peak flow is 
recorded regardless of magnitude. Perception thresholds give 
some indication to the magnitude of floods when no informa-
tion is available otherwise. Most critical for flood-frequency 
analysis is knowledge of how many floods exceeded a speci-
fied perception threshold rather than knowledge of the exact 
flood dates. Perception thresholds can have upper bounds, 
indicating discharges too large to be recorded; therefore, 
multiple sites must be examined at multiple elevations during 
a paleoflood study. If a thorough field campaign is used, such 
upper bounds are set to infinity because there are few circum-
stances for which floods are too big to leave records. A range 
of perception thresholds commonly will provide better resolu-
tion on the timing and magnitude of the largest floods; thus, 
paleoflood studies benefit from multiple sites recording floods 
of different sizes.

Flood-frequency analyses were done for seven scenarios. 
Each scenario represents different considerations of the 
paleoflood and gaged records to assess the sensitivity of flood-
frequency estimates to uncertainties in the paleoflood record.

Stratigraphic Analysis and Site 
Paleoflood Chronologies

The 2017 paleoflood feasibility study (Harden and 
O’Connor, 2017) for the Tennessee River briefly described the 
stratigraphy at two sites and identified several other locations 
where potential flood deposits were preserved. For this study, 
the two sites described in Harden and O’Connor (2017) were 
reexamined and more completely analyzed. We also examined 
several of the previously identified sites as well as newly dis-
covered sites. Of 30 potential sites identified during reconnais-
sance for the 2017 report and this study, 17 were fully exam-
ined and described. Six of these sites are the primary basis for 
interpretation of the overall flood records and are described in 
this section. The other 11 described sites provide mostly ancil-
lary or supporting information and are described in  
appendix 1. All sites have been given informal names based on 
local characteristics or site features.

Site Descriptions, Stratigraphy, and 
Geochronology

The overall paleoflood chronology chiefly is derived from 
the analysis of flood deposits preserved in small alcoves and 
rock shelters within about RM 443 and 454 (fig. 2). These sites 
are all within the Tennessee River Gorge where the narrow 

bedrock valley creates stable and sensitive stage-discharge 
relations. One site, Broken Stem, contains no evidence of 
floods but instead provides an upper limit to flood magni-
tudes. Two benchmark sites, Jeff-n-Steph and Red Flower, are 
described first. Following those two sites, four sites provide 
additional specific information on paleoflood magnitude and 
timing used in the flood-frequency analysis scenarios.

Jeff-n-Steph
Jeff-n-Steph, a large graffiti-marked boulder providing 

shelter, has one of the highest and most complete records of 
floods in the study area (fig. 9). The elevation of the surface of 
the flood deposits, sheltered by the rock overhang, is 651.12 ft 
above NAVD 88, very close to the stage reached by the 1867 
flood at this location (fig. 10; Tennessee Valley Authority, 
1940). It was first assessed as part of the 2017 Tennessee River 
paleoflood feasibility study (Harden and O’Connor, 2017) but 
reexamined and analyzed for this study. Our reexamination 
entailed excavation of a 90-cm deep pit about 1 m to the left 

F

F

F

F

A

B

Figure 9. Large boulder creating the rock 
overhang that helps to preserve the site (A) and 
stratigraphy of the pit (B), at the Jeff-n-Steph site, 
Tennessee River, Tennessee. “F” indicates a flood 
deposit.
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Figure 10. Location of paleoflood sites in study relative to elevation and surface water profiles (Tennessee Valley Authority, 1940) 
from the 1867 historical flood as well as other large floods in the gaged record, Tennessee River Basin, Tennessee. Locations of 
Nickajack Dam and Hales Bar Dam also are shown.

(downstream) of the pit described in Harden and O’Connor 
(2017). The stratigraphy of both pits was similar, showing 
evidence of four distinct Tennessee River floods (fig. 11).

The upper 14–20 cm (thickness varied) of sediment 
is brown, very fine to fine sand (fig. 11). The upper several 
centimeters are locally bioturbated and bedding features are 
not obvious. This unit is well-sorted and very micaceous. This 
youngest flood deposit is separated from the unit below by a 
discontinuous stone line of boulder fragments fallen from the 
overhanging rock, thus indicating a temporal hiatus between 
deposits. Well-sorted, orange and dark brown mottled silty 
fine sand is present from about 14 to 31 cm below land surface 
(bls). This unit has abundant roots, charcoal fragments, and 
mica, and is extensively bioturbated. The bottom contact is 

defined by a distinct stone line. This deposit also is inferred to 
be a flood deposit. The next 14 cm are orange, very fine to fine 
micaceous sand, thereby indicating a distinct flood deposit. 
The upper 10 cm of this unit is bioturbated. The top half of the 
bioturbated section is mottled and contains abundant charcoal 
fragments. The bottom contact is defined by a stone layer with 
angular clasts as large as 7 cm. The next 16 cm to a depth 
of 61 cm bls is similar to the flood deposit above but finer 
and less bioturbated. This flood deposit overlies a thick and 
slightly reddened silty fine sand with abundant angular gravel 
and cobbles as large as 5 cm, which we infer to be locally 
derived colluvium. In total, four distinct flood deposits are 
present, each separated by stone lines indicative of deposi-
tional hiatuses.
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Figure 11. Four flood deposits, intervening angular gravel clasts, and deposit of local material at the base of the pit, 
at the Jeff-n-Steph site, Tennessee River Gorge, Tennessee. Results from the optically stimulated luminescence and 
radiocarbon dating of the deposits also are shown.
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The stratigraphy at Jeff-n-Steph has been dated by radio-
carbon and OSL (tables 2 and 3, respectively). Harden and 
O’Connor (2017) used a radiocarbon age in the oldest flood 
deposit to determine that the four floods at this site had all 
occurred since about 1411–1223 B.C. Two more radiocarbon 
samples were analyzed from the second and third oldest flood 
deposits. The third oldest flood deposit contained charcoal 
dated at A.D. 264–274 and A.D. 331–425, and the second 
oldest flood contained charcoal dated at A.D. 1651–1684 and 
A.D. 1735–1806.

Two units were dated using OSL geochronology. The 
lowermost colluvial unit partly exposed by the pit was dated 
at 12,972–10,075 B.C. The third oldest flood was dated at 
3822–2922 B.C. If these ages represent the actual age of the 
deposits, then the third oldest flood is much older than the 
radiocarbon results, which makes the fourth flood even older. 
Although this is possible, ages of floods at other sites, as 
described in the following sections, are more consistent with 
the younger radiocarbon ages.

At an elevation of 651.12 ft above NAVD 88, the 
calibrated hydraulic modeling indicates that the minimum 
discharge required to inundate the Jeff-n-Steph site is 470,000 
ft3/s.4 The elevation is within 1 ft of the 1867 water-surface 
elevation at this site as reported in the Tennessee Valley 
Authority (1940) flood profile analysis, which has a reported 
discharge of 459,000 ft3/s at the Chattanooga streamgage site 
19 miles upstream (fig.10). Although no ages were determined 
specifically for the youngest flood deposit at this site, it must 
be younger than A.D. 1651–1806, the age of the underlying 
deposit, and its elevation is close to the maximum stage of the 
1867 flood. Other historical floods were smaller in magnitude 
and not likely recorded in the stratigraphy at this site. From 
this information we infer that the youngest deposit at Jeff-n-
Steph was most likely left by the 1867 flood. The three older 
floods preserved here must have had discharges similar to or 
greater than 470,000 ft3/s and all occurred in at least the last 
approximately 3,500 years, the likely minimum age of the 
basal colluvium exposed at this site based on the radiocarbon 
date of the oldest flood.

Red Flower
The Red Flower site (fig. 12) is nearly 30 ft higher 

than and almost directly upslope from the Jeff-n-Steph 
site (fig. 10). This site, described in the feasibility study 

4 In the text of this report, discharge estimates derived from the hydraulic 
model are reported to two significant digits. The flood-frequency analyses use 
the precise values as reported in tables 4, 5, and 6 and in the figures of the 
schematic diagrams of the sites (for example, fig. 11). The results of the flood-
frequency analyses are reported in 2 significant figures.

(Harden and O’Connor, 2017), is a flat surface abutting a large 
tilted slab of sandstone embedded in the valley slope. The 
slab tilts over the site, providing nearly 2 m of protection from 
weather. This site was reexamined for this study by digging an 
additional pit to reexamine stratigraphy.

The 54-cm pit contained evidence of one distinct flood 
deposit exposed 2–14 cm bls (figs. 12B and 13). This deposit 
consists of well sorted fine to very fine micaceous sand. The 
upper 5–6 cm is looser than the bottom 6 cm and likely has 
been extensively bioturbated. The sorting and conspicuous 
mica indicate a Tennessee River flood deposit. The units above 
and below are poorly sorted and contain abundant angular 
gravel clasts and granules and no apparent mica. These attri-
butes indicate that these units are locally derived slope wash 
and colluvium.

Because the stratigraphy and position indicate a single 
flood much larger than the 1867 flood level, the deposits at the 
Red Flower site were dated twice using radiocarbon and twice 
using OSL. Both OSL samples were collected in the locally 
derived colluvium below the flood deposit and returned ages 
of 1220–740 B.C. at 18 cm and 2132–1472 B.C. at 40 cm. 
The younger date at 18 cm comes from the original excavation 
(Harden and O’Connor, 2017). A radiocarbon sample collected 
at the base of the flood unit in the previous exposure returned 
age ranges of A.D. 1652–1696 and A.D. 1726–1815. Another 
charcoal sample collected from the flood deposit in the new 
excavation provided age ranges of A.D. 1672–1779 and A.D. 
1798–1825 in addition to possible age ranges that post-dating 
A.D. 1798. Considering the radiocarbon results, we infer that 
this flood must have been in the mid-to-late 1600s. Later plau-
sible ages permitted by the radiocarbon analyses are within the 
period of historical flood accounts (which extend to the early 
1800s) and such a large flood certainly would have been noted.

At an elevation of 679.69 ft above NAVD 88, this site 
requires a flood stage at least 30 ft higher than the water-
surface elevation of the 1867 flood (fig. 10). This is the highest 
such flood evidence found in the Tennessee River Gorge. The 
minimum discharge required to inundate this site and deposit 
the flood sediment is 1,100,000 ft3/s. Based on its likely age, 
this flood, referred to as the Red Flower flood, likely is the 
same flood as the second youngest flood preserved at the Jeff-
n-Steph site. From the ages of the underlying colluvium, the 
Red Flower flood apparently is the largest Tennessee River 
flood of the last 4,000 years based on the two OSL ages of the 
basal colluvium at this site.
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BBA

F

Figure 12. Location of the pit adjacent to a large sandstone boulder (A) and stratigraphy of the pit that 
includes one paleoflood deposit between deposits of local material (B), at the Red Flower site, Tennessee 
River, Tennessee. “F” indicates a flood deposit.
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Figure 13. One flood deposit between deposits of local material, at the Red Flower site, Tennessee River, 
Tennessee. Optically stimulated luminescence and radiocarbon results from the flood deposit and local 
material below also are shown.
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Congo
Downstream from the Red Flower site at an elevation of 

646.25 ft above NAVD 88 is a hollow cavity within a large 
boulder that has created an enclosed and flat-bottomed area 
of about 0.6-by-0.9 m lateral dimensions. A 30-cm pit was 
dug vertically into sediments accumulated within the cavity to 
expose the stratigraphy (fig. 14). The top 1 cm is loose, light 
brown sand and silt with abundant organic debris and angular 
sandstone clasts as much as 3 cm in diameter and appears to 
be locally derived slope wash and rockfall (fig. 15). Below that 
to a depth of 9 cm is brown fine sand fining upward to silty 
very fine sand. Roots and burrows are abundant especially in 
the lower 5 cm. The upper few centimeters are more compact 
and have sub-horizontal wavy bedding. The base of this unit 
is locally marked by a line of gravel clasts as much as 3 cm 
in diameter. Although no mica was clearly visible, this unit 
appears fluvial and likely is a Tennessee River flood deposit 
based on its fining upward sequence, wavy bedding, and well-
sorted sand. The remaining deposit, at 9–22 cm in depth, is 
compact, grayish-brown well-sorted silty fine sand. Mica is 
visible but sparse. Small dark angular pebbles are abundant at 
the base of the unit, which lies directly on top of what appears 
to be large boulders. The well-sorted sand texture indicates 
that this also is a flood deposit separated from the one above 
by the line of gravel clasts.

There was no charcoal at this site feasible for radiocarbon 
analysis but an OSL sample was taken in the oldest flood unit. 
That sample returned a date range of A.D. 858–1038 (1,070± 
90 years BP). This flood is the same age as the oldest flood 
found at the Mud Wasp site described in appendix 1, but it 
represents a higher stage (fig. 10). At 646.25 ft in elevation, 
the discharge required to inundate this site and deposit the 
sediment from both floods is about 400,000 ft3/s. The younger 
flood deposit likely is either a historical flood or the same 
flood as one preserved at the Jeff-n-Steph or Red Flower sites. 
Based on its age and elevation, the older flood is evidence of a 
unique flood in addition to the ones inferred from the stratigra-
phy of the Jeff-n-Steph and Red Flower sites.

Broken Stem
To locate the upper limits for the magnitude of mid-

to-late Holocene flooding on the Tennessee River near 
Chattanooga, we identified sites that had similar character-
istics to sites with preserved flood deposits (a relatively dry, 
flat sheltered area with limited bioturbation) but higher in 
elevation than about 680 ft, or the elevation of the highest 
Tennessee River flood deposits identified in this study.

One such site is Broken Stem. At 684.1 ft in elevation 
(fig.16), Broken Stem is the highest site where the stratig-
raphy was examined in detail, 4.1 ft higher than the Red 
Flower site (fig.10). Here, a large sandstone boulder creates 
a relatively wide dry area with limited vegetation and no 

obvious bioturbation (fig.16). If floods had reached this high 
in elevation during the Holocene, and especially during the 
last few thousand years, their deposits would likely have been 
preserved at this site much as they have at similar sites with 
lower elevations.

A 36-cm-deep pit was dug at this site (fig. 17). The 
sediment ranges from silty sandy cobbly gravel with angular 
sandstone fragments as deep as 20 cm near the bottom of the 
pit to pebbly silty sand in the upper 5 cm. The sediment here 
is poorly sorted and loose in the upper half of the pit and has 
a high gravel content. This sediment is a mix of local mate-
rial including roof-fall fragments and slope wash. There is no 
evidence of fluvially transported material from the Tennessee 
River at this site.

Two pieces of organic material were collected and sub-
mitted for radiocarbon analysis (table 2). A charcoal sample 
from 10 cm in depth was dated at A.D. 1279–1319 and A.D. 
1352–1391 and a small piece of wood from 6 cm in depth 
returned an age of A.D. 1657–1684 and A.D. 1736–1805. 
Using these dates, we know that the water-surface elevation 
from a flood on the Tennessee River has not exceeded 684 
ft elevation, which corresponds to a discharge of 1,300,000 
ft3/s since at least about A.D. 1279 and probably much longer 
(4,000 years or more) based on the stratigraphy at other sites 
such as the Red Flower and Goose Wallow (app. 1) sites. 
Although PeakFQ (Veilleux and others, 2014), the flood-
frequency software used in this study, uses perception thresh-
olds to constrain years with unknown peak discharge values, 
this non-exceedance bound (Levish, 2002) adds confidence 
to the overall flood chronology and upper limit of paleoflood 
discharge estimates used in this study.

Last Survey
The Last Survey site is located at the upstream end of the 

Tennessee River Gorge (fig. 10). Here, ledgy limestone out-
crops provide small areas for deposition and preservation of 
flood sediment. Two shallow pits were dug into a thin deposit 
of fine-grained material along a narrow ledge of the limestone 
outcrop (fig. 18). Pit A, elevation 670.3 ft, is 2–3 m upstream 
from Pit B, elevation 669.8 ft. The two small pits are separated 
by a vertical section of the limestone bedrock. Pit A contains 
evidence of two distinct deposits in the 5 cm of sediment 
deposited on the ledge (fig. 19). The top 3 cm are separated 
from the bottom 2 cm by an angular limestone clast at the con-
tact as well as a color and texture change. The two deposits are 
similar in composition, but the younger deposit is finer-grained 
and browner compared to the underlying orangish-brown fine 
sandy silt. Both deposits are well-sorted and locally biotur-
bated. Mica is present in both deposits although it is distinctly 
more abundant and coarser in the older deposit. Based on this 
stratigraphy, these two deposits are interpreted as left from 
individual Tennessee River floods.
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Figure 14. Location of the pit (A) and stratigraphy of the pit including evidence of two floods (B), at the Congo site, 
Tennessee River, Tennessee. ”F” indicates a flood deposit.
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Figure 15. Exposed stratigraphy at the Congo site, Tennessee River, Tennessee.
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A

B

Figure 16. Location of the pit underneath a boulder overhang 
and relative to the river (A) and stratigraphy exposed in the pit 
(B), at the broken Stem site, Tennessee River, Tennessee. This 
site is less than 5 feet above the Red Flower site but contains no 
evidence of Tennessee River flood deposits.

The stratigraphy in pit B is similar to stratigraphy in pit 
A (fig. 19). The two deposits here are separated by a distinct 
semi-continuous stone line at 8 cm bls. The top deposit is 
brown silt to very fine sand and the lower deposit is dull 
orange to tan/brown very fine sand. The lower deposit is 
distinctly more micaceous and coarser grained than the 
top deposit.

A piece of charcoal from the top of the oldest flood 
deposit in Pit A returned calibrated radiocarbon date ranges of 
A.D. 1416 to 1490 and A.D. 1602 to 1610. In Pit B, a piece 
of charcoal from near the base of the youngest flood unit gave 
calibrated ranges spanning multiple periods; A.D. 1514–1600, 
1616–1684, 1736–1805 and 1934–post-1950. Based on these 
dates, the oldest flood here likely dates from the 1400s or 
1500s. This timing does not seem to correspond to any of 
the deposits at Jeff-n-Steph (fig. 11) but it may correlate to 

deposits at the Oven, Mud Wasp, and possibly Turkey Blind 
sites described in appendix 1. The Pit B charcoal piece seems 
to be too old to have been emplaced by the Red Flower flood, 
although if the dated charcoal was several decades old prior to 
incorporation into the flood deposits, that correlation may be 
possible (and the coarser texture of the lower deposit is consis-
tent with such a scenario). The youngest flood deposit at Last 
Survey also possibly was left by the large Red Flower flood. 
This would imply, however, that evidence of the 1867 flood is 
not preserved here, despite attaining a stage about 3.7 ft above 
the site elevation (fig. 10). Absence of 1867 deposits might 
possibly be the consequence of the depositional space being 
mostly filled by the older deposits. Although this site intro-
duces ambiguity, which we examine in the flood-frequency 
analyses, our preferred overall flood scenario adopts the oldest 
flood deposit at Last Survey as a distinct flood in the 1400s 
or 1500s.

TBM4
TBM4 is a high site on the left bank near the upstream 

entrance to the Tennessee River Gorge (fig. 10). At 682.92 
ft above NAVD 88, its elevation is about 9–10 ft higher than 
the water-surface elevation of the 1867 flood (674 ft above 
National Geodetic Vertical Datum of 1029; Tennessee Valley 
Authority, 1940). The site occupies a 40 by 130 cm space 
between a limestone ledge and the hillslope below (fig. 20).

A shallow 10.5-cm pit was dug in the sediment accumu-
lated below the limestone overhang (fig. 21). The upper cen-
timeter is brown crumbly sandy silt with multiple limestone 
fragments, sticks, and twigs, inferred to be locally derived col-
luvium mixed with spalled rock fragments from the overlying 
ledge. The next 4.5 cm are compact, well sorted brown sandy 
silt with sparse mica and subtle horizontal laminae especially 
near the base of the deposit. This is inferred to be a Tennessee 
River flood deposit. Beneath this are 4 cm of brown-gray 
silt with isolated fresh as well as weathered limestone clasts 
underlain by grayish-green, deeply weathered limestone 
bedrock. These lower units are inferred to be weathered bed-
rock of the limestone outcrop and associated locally derived 
sediment.

When examining the stratigraphy at this site in the field, 
no single piece of organic material suitable for radiocarbon 
analysis was identified. But later examination of a bulk sedi-
ment sampled from the flood deposit yielded a small charcoal 
fragment. This charcoal fragment gave calibrated radiocarbon 
age ranges of A.D. 983–1051, 1082–1128 and 1135–1152. 
These dates and the deposit elevation, requiring a discharge of 
570,000 ft3/s, imply a second flood much larger than the 1867 
flood in approximately the last 1,000 years. Such evidence is 
consistent with similar aged but lower deposits at the Looter 
Pit (app. 1) and Congo sites, although the approximately 
1,000-year-old deposits at those sites could have been left by 
a smaller flood. Another possibility is again that of reworked 
charcoal and that the flood actually is younger, thus permitting 
correlation with the Red Flower flood.
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Figure 17. Schematic diagram showing the stratigraphy at the Broken Stem site, Tennessee River, 
Tennessee.
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Pit A

Pit B

F

F

Figure 18. Location of pits A and B (left and lower right photographs) along the narrow bedrock ledge as well 
as the stratigraphy of pit B (upper right photograph), at the Last Survey site, Tennessee River, Tennessee. The 
stratigraphy in both pits was similar and contained evidence of two floods. ”F” indicates a flood deposit.
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Figure 19. Stratigraphy in pits A and B at the Last Survey site, Tennessee River, Tennessee.
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TBM4

A

B

C

F

Figure 20. Location of the pit (A and B) and exposed stratigraphy in the pit (C), at the TBM-4 site, Tennessee River, 
Tennessee.
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Figure 21. Stratigraphy at the TBM4 site, Tennessee River, Tennessee.

Overall Paleoflood Chronology—
Number, Magnitude, and Timing

From the stratigraphy, radiocarbon and OSL dating, and 
hydraulic modeling from the 6 primary sites (collaborated 
and supplemented by the 11 additional sites), we infer at 
least 8 distinct prehistoric floods recorded by the paleoflood 
stratigraphy over the last 3,500–4,000 years in addition to 
the 1867 historical flood (table 4; fig. 22). This count results 
primarily from the four large floods identified at Jeff-n-Steph 
(P8, P3, P1, and the 1867 flood), the large flood dating to 
A.D. 983–1152 at Congo and possibly TBM4 (P4), the flood 
dating to the 1400s or 1500s at Last Survey (P7), and three 
flood deposits only recorded at the low-elevation Mud Wasp 
(P5, P6) and Looter Pit (P2) sites described in appendix 1. 
Additionally, a deposit inferred to have been left by the 1867 
flood caps the sequence at several sites including Jeff-n-Steph. 
Another very young deposit, possibly from the 1875 historical 
flood, caps the stratigraphy at several low sites. This overall 
paleoflood chronology was inferred by correlating floods 
at each site with those of other sites based on the age of the 
deposits, elevation, and associated discharge estimates, as well 
as deposit characteristics such as texture and thickness.

As evidenced from the stratigraphic record and geochro-
nology, several of the low-elevation sites have variable and 
incomplete records (fig. 22). Some sites, such as Last Survey 

and Oven, only have records going back a few hundred years. 
Other sites, such as Buzzard’s Cave, Looter Pit, and Smirnoff, 
seem to have gaps of thousands of years, missing floods 
recorded at higher sections. These low sites probably are sub-
ject to episodic flood erosion, compromising their records.

The assigned discharge values for each paleoflood are 
based on the elevation of that paleoflood’s highest inferred 
occurrence and the local stage-discharge relation determined 
from the hydraulic modeling. For example, deposits were cor-
related to the Red Flower flood at several sites (fig. 22) but the 
estimated discharge of 1,100,000 ft3/s owes to the elevation 
of the flood at the Red Flower site, a value corroborated by its 
presence at Goose Wallow, also indicating a discharge of more 
than 1,000,000 ft3/s. Similarly, the elevations of the two older 
paleofloods (P3 and P1) at Jeff-n-Steph require discharges of 
at least 470,000 ft3/s.

The timing of the eight paleofloods is based on the 
geochronology and the inferred stratigraphic correlations. For 
many floods exact timing is poorly known or ambiguous, but a 
general sequence is defined by these findings:

• The total stratigraphic record extends back for 
3,500–4,000 years, as indicated by the basal ages at 
several sites, the dates of flood deposits at Williams 
Island, and the age of the colluvium and slope wash 
beneath the flood deposits at the Red Flower and Jeff-
n-Steph sites.
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Table 4. Eight individual paleofloods, the sites where the paleoflood deposits were found, the plausible dates on which they occurred 
(based on the ranges of possible radiocarbon and optically stimulated luminescence dates), and associated discharge estimates for 
each flood, Tennessee River, Tennessee.

[Discharge estimate: These discharge estimates from the hydraulic model are used in the flood-frequency analyses. However, in the report text, discharge 
estimates are reported using 2 significant figures to more accurately indicate the level of uncertainty. Abbreviation and symbols: ft3/s, cubic feet per second; -, 
minus; +, plus; %, percent]

Paleoflood Sites and flood unit number Date
Discharge 
estimate 

(ft3/s)

Minimum 
discharge 

(-25%, in ft3/s)

Maximum 
discharge 

(+25%, in ft3/s)

P1 Jeff-n-Steph IV, Smirnoff IV, Buzzard’s Cave IV, Looter 
Pit V, Turkey Blind III

1300 B.C. 470,000 352,000 588,000

2 Looter Pit IV 1000 B.C. 235,000 176,000 294,000
P31 Jeff-n-Steph III, Turkey Blind III A.D. 350 470,000 352,000 588,000
P41 Congo, Mud Wasp VI or V, Looter Pit III, TBM42,3 A.D. 1000 400,000 300,000 500,000
P5 Mud Wasp VII A.D. 1100 223,000 167,000 279,000
P6 Mud Wasp V or VI A.D. 1200 223,000 167,000 279,000
P71 Oven III, Last Survey II, Mud Wasp IV A.D. 1500 416,000 312,000 520,000
P81 Red Flower, Goose Wallow, TBM42, Jeff-n-Steph II, 

Milled Wood I, Smirnoff VI, Freezer I, Upper Oven I, 
Last Survey I, others

A.D. 1650 1,117,000 838,000 1,396,000

1Floods used in the flood-frequency analyses.
2The flood deposit at the TBM4 site is either evidence of the same flood as P4 or P8 (most likely)
3If the TBM4 flood is the same as P4, the discharge estimate increases to 570,000 ft3/s with a minimum discharge of 427,500 ft3/s and a maximum discharge 

of 712,500 ft3/s.

• The Jeff-n-Steph site records four large floods of 
470,000 ft3/s or greater during approximately the 
last 3,500 years, three of which occurred since about 
A.D. 350.

• One large flood, the Red Flower flood (P8), occurred 
about A.D. 1650–1700, based on radiocarbon dating 
at the highest site at which its deposits were found, as 
well as similar ages at Goose Wallow, Jeff-n-Steph, 
and other sites (fig. 22).

• Three large floods preceded the Red Flower flood: 
(1) P7, approximately A.D. 1500 from dating at Last 
Survey and Oven; (2) P4, approximately A.D. 1000 
from dating Congo and possibly TBM 4; and (3) P3, 
approximately A.D. 350 from radiocarbon dating at 
Jeff-n-Steph.

• Because of the inconsistent records among the low 
sites, we judge the record most complete only for 
those paleofloods with discharges (including hydraulic 
modeling uncertainty) greater than about 400,000 ft3/s 
since the P3 flood at about A.D. 350. This includes 
four such floods: P3, P4, P7, and P8.

Partly because of the hazard implications of this find-
ing, we sought confirmation at other sites. The Goose Wallow 
site, at nearly the same elevation as the Red Flower site, also 

had clear evidence of a Tennessee River flood. The similar 
ages obtained from flood deposits in various environments 
and elevations also corroborate the stratigraphic evidence at 
the Red Flower and Goose Wallow sites. A precise age for the 
flood is challenged by the variable 14C calibration curve for 
the last several centuries, but the radiocarbon dating so far 
indicates that this flood must have occurred near or after about 
A.D. 1650. The lack of historical accounts for this immense 
flood means that it almost certainly occurred before first 
Euro-American settlement in Chattanooga area in the early 
1800s. A similar-aged exceptional paleoflood was documented 
farther downstream on the Tennessee River by Davis and oth-
ers (2019).

The Red Flower flood, although exceptionally large, 
seems consistent with regional and national records of large 
floods. The largest peak annual discharge from each of more 
than 22,000 USGS streamgages in the United States and 
Puerto Rico, arrayed by drainage basin area, is shown in figure 
23, modified from O’Connor and Costa (2003). The origi-
nal figure has been augmented with an approximate limiting 
envelope curve bounding the data as well as the envelope 
curve proposed by Crippen and Bue (1977) for Region 5, 
which encompasses the Tennessee River Basin upstream from 
the study reach. The Red Flower flood plots slightly above 
the Region 5 envelope curve and near the top, but within, the 
maximum flood data for the United States and Puerto Rico.
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Figure 22. Floods in paleoflood sites (P1–P8), site relative to discharge required to inundate each site, number of 
flood deposits at each site, and relation of each flood to those at other sites (shown in colored boxes), Tennessee River, 
Tennessee. Black outline indicates which paleofloods were used in the flood-frequency analysis (table 4).
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Figure 23. Largest peak annual discharge, arrayed by drainage basin, from more than 22,000 U.S. Geological 
Survey streamgages in the United States and Puerto Rico (modified from O’Connor and Costa, 2003). Green (top) 
line indicates an approximate envelope curve bounding the highest flows in the United States. Blue (bottom) line 
is the envelope curve developed for Region 5 (Crippen and Bue, 1977), which encompasses the Tennessee River 
Basin upstream from the study area.

Flood-Frequency Analysis
For the flood-frequency analysis, the gaged, histori-

cal, and paleoflood information was structured into specific 
events and perception thresholds. These events and thresholds 
derive from the key findings are more precisely specified in 
the form of seven flood scenarios shown in tables 5 and 6 
(Harden, 2021).

For this study, we defined several perception thresh-
olds (table 5). Each perception threshold has an upper and 
lower bound. All upper bounds are set to infinity based on 
the assumption that no flood was too large to leave a record. 
The perception thresholds generally decrease with time as 
stratigraphic and historical records become more resolved. 
Therefore, the perception thresholds, if applied for an analysis, 
are progressively superseded as a lower one is implemented:

Table 5. Five perception thresholds used in the flood-frequency 
analyses, Tennessee River, Tennessee. 

[Abbreviations and symbol: ft3/s, cubic feet per second; PT, perception 
threshold; ∞, infinity]

Perception 
threshold

Date range
Discharge range 

(ft3/s)

PT1 2000 B.C.–A.D. 349 838,000–∞
PT1A 2000 B.C.–A.D. 349 1,117,000–∞
PT1B 2000 B.C.–A.D. 349 1,396,000–∞
PT2 A.D. 350–1825 459,000–∞
PT3 A.D. 1826–A.D. 1873 280,000–∞
PT4 A.D. 1874–2008 0–∞
PT5 A.D. 1952–1952 280,00–∞
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Table 6. Seven flood scenarios, including date of flood; sites where evidence was preserved; and estimated discharge median, 
minimum, and maximum, used in the flood-frequency analyses, Tennessee River, Tennessee.

[Abbreviations and symbol: PT, perception threshold; PX, paleoflood (from table 4); ft3/s, cubic feet per second; %, percent]

Paleoflood Sites and flood unit number
Approximate 

date

Discharge 
(ft3/s)

Median
Minimum 

(-25%)
Maximum 

(+25%)

Scenario 1—Historical and gaged record

Historical record (1826–73) plus Chattanooga streamgage record (1874–2008) + PT3–PT5
Scenario 2—Four paleofloods + PT1–PT5

P3 Jeff-n-Steph III A.D. 350 470,000 1459,000 588,000
P4 Congo, Mud Wasp VI or V A.D. 1000 1459,000 1459,000 500,000
P7 Oven III, Last Survey II, Mud Wasp IV A.D. 1500 1459,000 1459,000 520,000
P8 Red Flower, Goose Wallow, TBM4, Jeff-

n-Steph II, Milled Wood I, Smirnoff VI, 
Freezer I, Upper Oven I, Last Survey I

A.D. 1650 1,117,000 838,000 1,396,000

Scenario 3—Four paleofloods + PT1A–PT5

P3 Jeff-n-Steph III A.D. 350 470,000 1459,000 588,000
P4 Congo, Mud Wasp VI or V A.D. 1000 1459,000 1459,000 500,000
P7 Oven III, Last Survey II, Mud Wasp IV A.D. 1500 1459,000 1459,000 520,000
P8 Red Flower, Goose Wallow, TBM4, Jeff-

n-Steph II, Milled Wood I, Smirnoff VI, 
Freezer I, Upper Oven I, Last Survey I

A.D. 1650 1,117,000 838,000 1,396,000

Scenario 4—Four paleofloods + PT1B–PT5

P3 Jeff-n-Steph III A.D. 350 470,000 1459,000 588,000
P4 Congo, Mud Wasp VI or V A.D. 1000 1459,000 1459,000 500,000
P7 Oven III, Last Survey II, Mud Wasp IV A.D. 1500 1459,000 1459,000 520,000
P8 Red Flower, Goose Wallow, TBM4, Jeff-

n-Steph II, Milled Wood I, Smirnoff VI, 
Freezer I, Upper Oven I, Last Survey I

A.D. 1650 1,117,000 838,000 1,396,000

Scenario 5—Four paleofloods + PT1A-PT5; Red Flower flood date changed from A.D. 1650 to A.D. 1050

P3 Jeff-n-Steph III A.D. 350 470,000 1459,000 588,000
P4 Congo, Mud Wasp VI or V A.D. 1000 1459,000 1459,000 500,000
P7 Oven III, Last Survey II, Mud Wasp IV A.D. 1500 1459,000 1459,000 520,000
P8 Red Flower, Goose Wallow, TBM4, Jeff-

n-Steph II, Milled Wood I, Smirnoff VI, 
Freezer I, Upper Oven I, Last Survey I

A.D. 1050 1,117,000 838,000 1,396,000

Scenario 6—Four paleofloods + PT1A–PT5; discharge of A.D. 1000 flood increased to the discharge of TBM4

P3 Jeff-n-Steph III A.D. 350 470,000 1459,000 588,000
P4 Congo, Mud Wasp VI or V, TBM4 A.D. 1000 570,000 1459,000 712,500
P7 Oven III, Last Survey II, Mud Wasp IV A.D. 1500 1459,000 1459,000 520,000
P8 Red Flower, Goose Wallow, Jeff-n-Steph II, 

Milled Wood I, Smirnoff VI, Freezer I, 
Upper Oven I, Last Survey I

A.D. 1650 1,117,000 838,000 1,396,000

Scenario 7—Four paleofloods + PT1A–PT5; Red Flower flood discharge reduced to that of a flood at Jeff-n-Steph

P3 Jeff-n-Steph III A.D. 350 470,000 1459,000 588,000
P4 Congo, Mud Wasp VI or V A.D. 1000 1459,000 1459,000 500,000
P7 Oven III, Last Survey II, Mud Wasp IV A.D. 1500 1459,000 1459,000 520,000
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Table 6. Seven flood scenarios, including date of flood; sites where evidence was preserved; and estimated discharge median, 
minimum, and maximum, used in the flood-frequency analyses, Tennessee River, Tennessee.—Continued

[Abbreviations and symbol: PT, perception threshold; PX, paleoflood (from table 4); ft3/s, cubic feet per second; %, percent]

Paleoflood Sites and flood unit number
Approximate 

date

Discharge 
(ft3/s)

Median
Minimum 

(-25%)
Maximum 

(+25%)

Scenario 7—Four paleofloods + PT1A–PT5; Red Flower flood discharge reduced to that of a flood at Jeff-n-Steph—Continued

P8 Red Flower, Goose Wallow, TBM4, Jeff-
n-Steph II, Milled Wood I, Smirnoff VI, 
Freezer I, Upper Oven I, Last Survey I

A.D. 1650 470,000 1459,000 588,000

1Discharge is equal to lower bound of perception threshold.

• Perception thresholds 1, 1A, and 1B (PT1,1A and 
1B)—These perception thresholds assume that all 
floods of the size of the Red Flower flood are recorded 
in a paleoflood record extending back 4,000 years (to 
2000 B.C.). The three variants (PT1, PT1A, PT1B) use 
the low, median, and high discharge values, respec-
tively, for the elevation of the Red Flower site, based 
on uncertainty in the hydraulic modeling. These vari-
ants distinguish flood-frequency scenarios 2, 3, and 4 
(table 6).

• Perception threshold 2 (PT2)—This perception thresh-
old is based on our judgment that the stratigraphic 
record is complete for floods larger than 459,000 ft3/s 
since about A.D. 350, based on the number of sites, 
their elevations, correlations among deposits, and their 
ages. PT2 is used in flood scenarios 2–7.

• Perception threshold 3 (PT3)—The historical stage 
records for the 1826, 1847, and 1867 floods indicate 
that all floods greater than about 280,000 ft3/s would 
have been recorded in the 1826–73 pre-streamgage 
historical record. PT3 is used in all flood scenarios.

• Perception threshold 4 (PT4)—Since the 1874 estab-
lishment of the Chattanooga streamgage, all annual 
peak discharges, regardless of magnitude, have been 
recorded except for 1952. A perception threshold with 
the lower bound of zero is set for PT4, which is used in 
all flood scenarios.

• Perception threshold 5 (PT5)—Because the 1952 flood 
peak is missing in the gaged record, this year-long 
perception threshold was set to the historical percep-
tion threshold of 280,000 ft3/s. PT5 is used in all flood 
scenarios.

The seven flood scenarios represent different treatments 
of the flood observations (in reference to the perception 
thresholds) implemented to (1) determine the effects of adding 

paleoflood data to flood-frequency analysis for the Tennessee 
River and (2) to evaluate the effects of uncertainties in the 
paleoflood record for the resulting flood-frequency estimates.

Scenario 1 (table 6) incorporates only the gaged and 
historical flow peaks and excludes the paleoflood information. 
It provides a baseline from which to evaluate the effects of 
incorporating paleoflood information in the analysis. For the 
gaged and historical floods, the dates and magnitudes were 
assumed to be precise and as reported. This scenario uses three 
perception thresholds (table 6; fig. 24):

• For the historical period preceding installation of the 
streamgage at Chattanooga, we assume a perception 
threshold (PT3) of 280,000 ft3/s for the period A.D 
1826–1873. This time period is based on the historical 
accounts of large floods beginning with the 1826 flood 
that we estimate had a discharge of about 280,000 
ft3/s. We assume that all flows of that discharge and 
greater would be recorded prior to the 1874 streamgage 
installation.

• For the period of gaged flow from 1874 to 2008 all 
annual peaks are recorded, except in 1952; hence, we 
apply the perception threshold of 0 ft3/s (PT4).

• For the single year of 1952 for which there is no gaged 
record of peak flow, we assume that the peak was less 
than the historically noteworthy peaks of greater than 
280,000 ft3/s (PT5).

The other six scenarios incorporate paleoflood informa-
tion in addition to the gaged and historical records (table 6 
and fig. 25). The six paleoflood scenarios each involve four 
paleofloods larger than 459,000 ft3/s since about A.D. 350 and, 
in different combination, perception thresholds 1, 1A, 1B, and 
2 (table 5).

The specified discharge for each paleoflood included in 
the analysis was the discharge required to attain the deposit 
elevation, assigning ±25 percent uncertainty to account for 
uncertainty in the hydraulic model and channel changes 
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EXPLANATION

Figure 24. Gaged and historical data included in the gaged plus historical flood-frequency analysis (scenario 1) of the 
Tennessee River, Tennessee. Perception thresholds (PT3 and PT4) are described in table 5 and Scenario 1 is described 
in table 6.

(including Manning’s n values) that might have occurred from 
the time the flood occurred to the present. If the lower range of 
the flood discharge estimate was below a perception threshold, 
the threshold value was used as the minimum discharge esti-
mate for the recorded flood (table 6). The flood dates incorpo-
rated in the analysis are single-value estimates based on the 
geochronology (table 4) because PeakFQ (Veilleux and others, 
2014), the flood frequency software used in this study, does 
not permit age ranges to be specified.

The dates and magnitudes for each of the paleofloods 
are as specified in tables 4 and 6, except where modified as 
follows, to test the effects of uncertainty in the resulting flood-
frequency assessments:

• Scenarios 2, 3, and 4 test uncertainty in the hydraulic 
modeling and plausible effect to the discharge thresh-
old for the Red Flower site and its associated percep-
tion threshold, as specified for PT1, PT1A, and PT1B. 
Scenario 3, based on the best estimate for the stage-
discharge relation at the Red Flower site (PT1A) and 
our preferred overall interpretation of the paleoflood 
record, is our overall preferred scenario for estimating 
flood-frequency.

• Scenario 5 tests, relative to Scenario 3, the effects of 
the possibility that the Red Flower flood is older than 
about A.D. 1650 and instead dates to about A.D. 1050, 
consistent with the age of the possibly correlative 
deposit at TMB4.

• Scenario 6 incorporates the interpretation that the 
flood dating to about A.D. 1000 at TBM4 is distinct 
from the Red Flower flood, thus implying a discharge 
of 570,000 ft3/s rather than the 459,000 ft3/s (as in 
Scenario 3) for the lower-elevation-correlated deposit 
the Congo site.

• Scenario 7 addresses the possibility that our interpreta-
tion of a Tennessee River flood genesis for the deposits 
is incorrect for the high Red Flower and Goose Wallow 
sites and that, instead, the largest paleoflood discharges 
are indicated by the elevations of the Jeff-n-Steph 
deposits.

Conventional flood-frequency analysis would account 
for the gaged record and possibly historical records. The 
flood-frequency curve resulting from application of the 
Bulletin 17C guidelines (England and others, 2018) is 
shown in figure 26 as implemented by the PeakFQ software 
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EXPLANATION

Figure 25. Gaged, historical, and paleoflood data and associated perception thresholds included in scenarios 2–7, Tennessee River, 
Tennessee. In scenarios 2–4, the magnitude of the perception thresholds varied (as shown in bold) based on the estimated discharge 
of the Red Flower flood. In scenarios 5–7, the magnitude and timing of the paleofloods varied (as indicated by the ovals) based on 
uncertainties in the stratigraphy and geochronology. Because of the scale of the figure, the gaged plus historical record (1826–2008) is 
better viewed in figure 24. Perception thresholds (PTX) are described in table 5 and scenarios are described in table 6.

(Veilleux and others, 2014) for the Tennessee River 
streamgage at Chattanooga for gaged peaks from 1874 to 
2008 and including the 1867 historical peak as specified in 
scenario 1 (table 6 and fig. 24). This provides baseline results 
from which to compare the analyses incorporating the paleo-
flood information from the six other scenarios. The analysis of 

scenario 1 shows the 1867 flood with an AEP of about 0.001, 
estimated by where the flood discharge estimate (459,000 
ft3/s) intersects with the fitted frequency curve (fig. 26). 
Considering the 95-percent confidence intervals (CIs), the 
actual AEP spans nearly three orders of magnitude between 
about 0.08 and 0.0001.
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Figure 26. Flood-frequency analysis including all gaged and historical flood data (scenario 1), Tennessee River, Tennessee. The 0.01, 
0.001, and 0.0001 annual exceedance probability flood quantiles are labeled in bold on the x-axis.

Flood-frequency analyses for all paleoflood scenarios 
indicate that the addition of paleoflood information increases 
the quantile estimates for low-probability floods (table 7). 
For example, our preferred paleoflood interpretation rep-
resented by scenario 3 (fig. 27) gives an estimate for the 
1,000-year quantile flow of 540,000 ft3/s, about 17 percent 
greater than the 450,000 ft3/s resulting from assessment of the 
gaged record and historical record (scenario 1; table 7). The 
other paleoflood scenarios (2, 4, 5, 6, and 7) give 1,000-year 
quantile estimates ranging from 490,000 ft3/s to 540,000 ft3/s 
(figs. 28 and 29). From comparison of scenarios 1, 3, and 7 
(which discounts the high Red Flower deposits), it is evident 
that the increase is the consequence of including information 
for the large Red Flower flood. Evidence for this flood is thus 
a critical interpretation and key contribution to understanding 
flood frequency for the Tennessee River near Chattanooga, 
Tennessee.

Neither the timing of individual paleofloods (comparing 
scenarios 3 and 5) nor the correlation uncertainties (compar-
ing scenarios 3 and 6) have substantial effect on the quantile 

estimates (fig. 28). Lowering the value of the Red Flower 
flood to a discharge equal to the second oldest flood at Jeff-
n-Steph substantially reduces the discharge estimates for all 
flood quantiles compared to the other paleoflood scenarios 
(scenario 7; figs. 28 and 29; table 7).

Another important effect of incorporating the paleoflood 
information is the substantial reduction in the uncertainty of 
the flood quantile estimates shown by the narrowing of the 
95-percent confidence limits (fig. 29; table 7). For example, 
the confidence limits for the 1,000-year quantile estimate 
using the four paleofloods as adopted in scenario 3 are 
480,000–620,000 ft3/s compared to 380,000–610,000 ft3/s 
for the gaged plus historical record (fig. 29), a reduction in 
the 95-percent CIs by 38 percent. Similarly, uncertainty—as 
measured as the difference between the upper and lower 
95-percent confidence limits—for all flood quantile estimates 
from 100 to 10,000 years was reduced by 22–44 percent com-
pared to using only the gaged and historical flood information 
as analyzed for scenario 1 (figs. 28 and 29; table 7).
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Table 7. Flood-frequency results of five flood quantiles (0.01–0.0001 annual exceedance probability) 
for scenarios 1–7, Tennessee River, Tennessee.

[Results include EMA estimate (“fitted flood-frequency curve” on figs. 26–28) and lower and upper bounds of the 
95-percent confidence limits. The additional 4,000 years of paleoflood data raise the flood quantile magnitude and reduce 
the uncertainty in the confidence limits in scenarios 2–7. Abbreviations: AEP, annual exceedance probability; EMA, 
expected moments algorithm; AEP, annual exceedance probability; PT, perception threshold; ft3/s, cubic feet per second]

Return 
period 
(years)

AEP
EMA 

estimate 
(ft3/s)

95-percent 
confidence limits

Lower Upper

Scenario 1—Historical and gaged record

100 0.01 370,000 340,000 450,000
200 0.005 390,000 350,000 490,000
500 0.002 430,000 370,000 560,000

1,000 0.001 450,000 380,000 660,000
10,000 0.0001 520,000 410,000 800,000

Scenario 2—Four paleofloods, PT1–PT5

100 0.01 400,000 370,000 430,000
200 0.005 440,000 400,000 480,000
500 0.002 500,000 450,000 550,000

1,000 0.001 540,000 480,000 610,000
10,000 0.0001 700,000 600,000 880,000

Scenario 3—Four paleofloods, PT1A–PT5, best estimate

100 0.01 400,000 370,000 430,000
200 0.005 440,000 400,000 480,000
500 0.002 500,000 450,000 560,000

1,000 0.001 540,000 490,000 620,000
10,000 0.0001 700,000 600,000 900,000

Scenario 4—Four paleofloods, PT1B–PT5

100 0.01 400,000 370,000 430,000
200 0.005 440,000 400,000 480,000
500 0.002 500,000 450,000 560,000

1,000 0.001 540,000 480,000 620,000
10,000 0.0001 700,000 600,000 900,000

Scenario 5—Four paleofloods (Red Flower A.D. 1050), PT1A–PT5

100 0.01 400,000 370,000 430,000
200 0.005 440,000 400,000 480,000
500 0.002 490,000 450,000 560,000

1,000 0.001 540,000 480,000 620,000
10,000 0.0001 700,000 600,000 900,000

Scenario 6—Four paleofloods (TMB discharge used for A.D 1000 flood), PT1A–PT5

100 0.01 400,000 370,000 440,000
200 0.005 440,000 410,000 480,000
500 0.002 500,000 450,000 560,000

1,000 0.001 540,000 490,000 630,000
10,000 0.0001 710,000 600,000 920,000



38  Improving Flood-Frequency Analysis on the Tennessee River near Chattanooga, Tennessee

Table 7. Flood-frequency results of five flood quantiles (0.01–0.0001 annual exceedance probability) 
for scenarios 1–7, Tennessee River, Tennessee.—Continued

[Results include EMA estimate (“fitted flood-frequency curve” on figs. 26–28) and lower and upper bounds of the 
95-percent confidence limits. The additional 4,000 years of paleoflood data raise the flood quantile magnitude and reduce 
the uncertainty in the confidence limits in scenarios 2–7. Abbreviations: AEP, annual exceedance probability; EMA, 
expected moments algorithm; AEP, annual exceedance probability; PT, perception threshold; ft3/s, cubic feet per second]

Return 
period 
(years)

AEP
EMA 

estimate 
(ft3/s)

95-percent 
confidence limits

Lower Upper

Scenario 7—Four paleofloods (Red Flower flood discharge equal to that of Jeff-n-Steph flood), PT1A– PT5

100 0.01 390,000 360,000 420,000
200 0.005 420,000 390,000 450,000
500 0.002 460,000 420,000 500,000

1,000 0.001 490,000 440,000 540,000
10,000 0.0001 580,000 510,000 690,000

Scenario 3

Annual exceedance probability

0.995 0.98 0.90 0.80 0.60 0.40 0.20 0.10 0.02 0.01 0.005 0.001 0.0001

P4, Red Flower
flood 
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Figure 27. Flood-frequency analysis including all gaged data, the 1867 historical flood and four paleofloods (scenario 3), Tennessee 
River, Tennessee. The 0.01, 0.001, and 0.0001 flood quantiles are labeled in bold on the x-axis.
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Figure 28. Selected flood-frequency analysis curves including all gaged data, the 1867 historical flood, and four paleofloods 
(scenarios 1, 3, and 5–7), Tennessee River, Tennessee. Graphs have been scaled to highlight the curves from 100,000 to 1,000,000 
cubic feet per second.
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Figure 29. Estimated discharges (squares) and 95-percent confidence limits (black vertical lines) of the flood-frequency analyses 
for the seven flood scenarios for the 0.001 annual exceedance probability, Tennessee River, Tennessee. Scenarios 2–7 incorporate 
the paleoflood data in the flood-frequency analysis with the gaged and historical data (scenario 1) and show an increase in the 
discharge estimate and a substantial narrowing of the confidence limits.

Summary
Paleoflood hydrology incorporates geological and botani-

cal evidence to reconstruct the magnitude and frequency of 
large floods prior to observational records. The primary pur-
pose of this comprehensive field study was to use paleoflood 
hydrology methods to improve estimates of flood-frequency 
for the Tennessee River near Chattanooga, Tennessee.

The main source of information used to improve flood-
frequency estimates was stratigraphic records of large, previ-
ously unrecorded floods preserved along the valley bottom 
flanking the Tennessee River. The overall approach was to 
(1) develop a flood chronology for the Tennessee River near 
Chattanooga using stratigraphic analyses and geochronology 
from multiple sites at multiple elevations; (2) estimate peak 
flow magnitudes associated with elevations of flood evidence 
using a one-dimensional hydraulic model; (3) combine the 
information obtained from steps 1 and 2 to develop geologi-
cally based scenarios of timing and magnitude of large floods 

in the study reach; and (4) use all available information 
(including paleoflood, gaged, and historical records of flood-
ing) to estimate the frequency of large Tennessee River floods.

Within the Tennessee River Gorge study area, most 
preserved flood deposits suitable for stratigraphic analysis 
accumulated beneath large colluvial sandstone boulders 
along hillslopes, in caves, underneath bedrock ledges, and in 
alcoves. Sites at multiple elevations were examined to more 
accurately define the frequency of flooding at different stages 
and to define an upper limit of mid-to-late Holocene flood 
magnitude. Flood ages were determined by radiocarbon analy-
sis using carbon-14 and optically stimulated luminescence 
(OSL) analysis.

A key aspect of any paleoflood record is estimation of 
flood magnitudes associated with flood evidence preserved in 
the stratigraphic record. The method for estimating peak flow 
magnitudes was application of a one-dimensional, steady-
flow U.S. Army Corps of Engineers Hydraulic Engineering 
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Center-River Analysis System model originally developed by 
the Tennessee Valley Authority and modified for this analysis 
of paleoflood deposits.

The stratigraphy of 17 different sites, geochronology 
obtained from 25 radiocarbon and 8 OSL analyses, and esti-
mates of stage-discharge relations at the study sites from the 
hydraulic modeling were distilled into an overall chronology 
of the number, timing, and magnitude of large unrecorded 
floods indicating eight unique paleofloods in the last 4,000 
years. The four paleofloods included in the flood-frequency 
analysis are those of discharges and time periods for which 
we infer that the paleoflood record is complete and appropri-
ate for the analysis. One of these paleofloods had discharges 
exceeding 470,000 cubic feet per second (ft3/s), a magnitude 
slightly greater than the historical flood of 1867, 459,000 ft3/s 
at the U.S. Geological Survey Chattanooga streamgage. One 
flood in the stratigraphic record, referred to as the Red Flower 
flood, was much larger than any historical or other paleoflood 
of the last 4,000 years. Its discharge, estimated at 1,100,000 
ft3/s, approached the envelope curve bounding the largest 
floods measured in the United States or Puerto Rico. It likely 
dates to the mid-to-late 1600s. Two additional floods within 
the last 1,000 years had estimated magnitudes of 420,000 and 
400,000 ft3/s.

Flood-frequency analyses were done for seven flood 
scenarios using the U.S. Geological Survey software program 
PeakFQ v7.2 that follows the Guidelines for Determining 
Flood Flow Frequency—Bulletin 17C. The scenarios enable 
evaluation of the effects of adding the paleoflood data, plus 
assessment of how uncertainty in the paleoflood data may 
affect flood-frequency estimates. The analysis results show 
that incorporating the paleoflood data in the flood-frequency 
analysis increases the estimated discharge of low annual 
exceedance probability (AEP) floods. For example, analysis 
of just the historical and gaged record results in an estimate 
of 450,000 ft3/s for the 0.001 AEP flood, compared to that 
of 540,000 ft3/s obtained by including the paleoflood data of 
our preferred scenario. This result owes chiefly to inclusion 
of the exceptionally large Red Flower flood. Other uncertain-
ties in the paleoflood record have little effect on the quantile 
estimates for low AEP floods. Incorporating the paleoflood 
information in the flood-frequency analysis also mark-
edly improves the precision of estimates of low-probability 
floods— most clearly indicated by substantial narrowing of 
the 95-percent confidence limits. The confidence limit for 
the 1,000-year quantile estimate for our preferred paleoflood 
scenario (scenario 3) is 480,000-620,000 ft3/s compared to 
380,000–610,000 ft3/s for the gaged and historical record only 
(scenario 1), a reduction of 38 percent. The discharge between 
the upper- and lower-95 percent confidence limits was reduced 
by 22–44 percent when the preferred paleoflood record was 
added to the gaged and historical record for all flood quantile 
estimates from 100 to 10,000 years in the flood-frequency 
analysis.
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Appendix 1. Stratigraphic Descriptions of Supporting Paleoflood Sites
The stratigraphic descriptions of key sites contributing to 

the flood-frequency analyses in this study are described in the 
body of the report. The following are stratigraphic descriptions 
of supporting sites used to confirm findings of the key sites.

Goose Wallow
The Goose Wallow site, named for what looked like 

shallow goose wallow marks on the surface sediment, is about 
50 m downstream from the Red Flower site and at 676.07 ft 
above NAVD 88, is about 3 ft lower in elevation than Red 
Flower (fig. 10). This site was specifically evaluated to con-
firm the Red Flower flood interpretation.

The Goose Wallow site is at the base of a large sandstone 
boulder embedded in the valley slope colluvium (fig. 1.1). 
The boulder overhangs a narrow and flat 1-by-2.5 m area, 
sheltering a relatively dry and unvegetated area where the 
deposits are preserved and mostly protected from slope pro-
cesses. Aside from the surface disturbance, the site is littered 
with organic debris including leaves, small sticks, and a few 
pebbles likely spalled from the boulder above.

cm are loose, light brown, pebbly silty sand with organic 
debris mixed throughout. This deposit is poorly sorted 
with isolated granules probably weathered out of the rock 

overhang. The upper half of this deposit has a few angular 
cobbles as much as 2–3 centimeters in diameter and abundant 
leaves mixed with the sediment. This 12-cm thick deposit of 
sediment likely is locally derived, weathered material from 
the rock overhang mixed with slope wash sediment and local 
organic detritus.

From about 12 to 23 cm bls lies brown, very fine sand. 
This deposit is more compact than the deposit above and 
below it and contains no visible pebbles or granules. No 
primary sedimentary structures are visible but there is a sub-
horizontal wavy texture. Small, shiny grains can be seen and 
appear to be mica flakes (as opposed to quartz, which is abun-
dant in the area). However, the grains were very small and 
could not be positively identified in the field by a hand lens. 
This deposit is locally bioturbated by 3–4 mm roots and small 
insect burrows. The lower contact is irregular and locally 
marked by granules and pebbles as much as 1 cm in diameter. 
Based on the well-sorted nature of this deposit, the possible 
presence of mica, and its compact nature, this deposit likely is 
from the same flood that left a deposit at the Red Flower site.

Below this flood deposit lies 37 cm of orangish-brown, 
silty fine sand with granules and angular sandstone cobbles 
eroded from the sandstone overhang above. This deposit is 
loose, has no apparent primary structure, and has abundant 
roots. We interpret this deposit to be local slope wash mixed 
with rockfall fragments.

A B

F

Figure 1.1. Location (A) and stratigraphy (B) of the pit at the Goose Wallow site, Tennessee River, 
Tennessee. This pit contains evidence of one extreme Tennessee River flood deposit. ”F” indicates a flood 
deposit.
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Figure 1.2. Goose Wallow site, Tennessee River, Tennessee.

The flood deposit here was dated using multiple methods. 
An optically simulated luminescence (OSL) sample at a depth 
of 17 cm in the flood deposit returned a date range of A.D. 
1058–1238. If this age accurately dates the flood deposit, then 
that would signify two very large floods with minimum water-
surface elevations almost 25–30 feet above the 1867 peak 
occurring in about the last 1,000 years or that the Red Flower 
flood is about 1,000 years old, instead of the approximately 
350-year-old date from the carbon-14 (14C) analysis at the Red 
Flower site and other sites. More likely, the OSL sample was 
only partially bleached and overestimates the date at which 
the sediment was deposited during the last flood, or, owing 
to bioturbation, the sample represents a combination of flood 

sediment and older sediment from the unit below. This sample 
has 100-percent scatter that supports this idea. Scatter is the 
variation in equivalent dose (De), or the amount of laboratory 
radiation that is equivalent to what the grains received during 
burial (Duller, 2008). Scatter values higher than about 20–30 
percent are considered to be poorly bleached or mixed sedi-
ment (Murray and others, 2012; table 3).

Two organic samples were sent for radiocarbon analy-
sis and returned date ranges of A.D. 1674–1778 and A.D. 
1798–1894 for one sample near the upper contact and “mod-
ern” for a sample at the lower contact. The “modern” age is an 
age that post-dates 1950, when excess 14C was introduced into 
the atmosphere owing to nuclear bomb testing. This sample 
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probably was post-1950 material recently embedded in the 
deposit by burrowing. The older sample from near the top of 
the deposit gave a result very similar to that within a similar 
position in the flood deposit at the Red Flower site, consistent 
with a flood date of sometime in the mid-to-late 1600s.

The minimum discharge required to inundate this site is 
1,000,000 ft3/s. Considering the characteristics of the deposit, 
the available age information, and the deposit elevation, we 
conclude that it also records an outstanding flood of more than 
1,000,000 ft3/s, almost certainly the same exceptional 17th- (or 
18th) century flood preserved at the Red Flower site.

Milled Wood
At about river mile (RM) 445, elevation 653.90 ft, is 

a small alcove formed by a large sandstone slab resting on 
several smaller sandstone boulders (fig. 1.3). A 2-ft piece of 
decayed milled wood was found on the floor of the alcove. 
The wood was partially wedged into sediment near the back 

of the alcove in such a way as to make it hard to discern if it 
was driftwood from a Tennessee River flood or human-placed. 
A small 28-cm-deep pit was dug near the wood (fig. 1.4). The 
top 10 cm of the of this pit was loose, poorly sorted grayish-
brown silty fine sand with abundant granules and angular 
clasts as much as 3 cm in diameter. Although the surface is 
covered by organic debris (leaves, sticks), organic material 
below the surface is scarce. The next 7 cm in depth are similar, 
but slightly more compact and contain smaller gravel clasts 
(<0.5 cm). At a depth of 17–28 cm, the sediment is very com-
pact, orangish-brown silty fine-to-medium sand. Angular clasts 
as much as 3cm in diameter are present as well as roots as 
much as 1 cm. The top 2 units (to 17 cm) contain small mica 
flakes that are not present in the bottom 11 cm, which would 
indicate Tennessee River flood waters reached this elevation 
in the recent past. However, there is no clear indication of an 
intact flood deposit, suggesting that any former flood deposits 
have been reworked by humans or natural processes.

A radiocarbon sample collected from a depth of 21 cm 
near the contact between the reworked flood deposit and the 
underlying locally derived deposit returned an age range 

Figure 1.3. Location of the pit underneath a boulder and the milled wood (inset) that either floated on a flood 
wave or was human-placed, at the Milled Wood site, Tennessee River, Tennessee.



Appendix 1. Stratigraphic Descriptions of Supporting Paleoflood Sites  49

0

6

12

I

653.9 feet above
North American
Vertical Datum
of 1988

17

0

28

545,000 cubic feet
per second

Milled(1) charcoal
2455; 120 ±20
A.D. 1681–1738,
A.D. 1758–1761,
A.D. 1804–1894,
A.D. 1905–1937

CentimetersInches

De
pt

h 
be

lo
w

 la
nd

 s
ur

fa
ce

c vf fs m cs g

sand

Grain-size scale (x-axis)

c= clay
s = silt
vf = very fine sand
f = fine sand
m = medium sand
cs = coarse sand
g = gravel

Rock

Modern organics

Tennessee River flood deposit

Radiocarbon sample—Field name; material;
laboratory No.; radiocarbon age; calendar age

EXPLANATION

I

Figure 1.4. Stratigraphy at the Milled Wood site, Tennessee River, Tennessee.

of A.D. 1681–1937. Because of the reworked nature of the 
flood deposit, it is unclear if this age represents the age of 
the flood or an age of the local material. The elevation of this 
site (653.90 ft) is more than 4 ft higher than the 1867 water-
surface elevation (649 ft) at this location. This reworked flood 
deposit possibly is from the Red Flower flood; the elevation 
and age are consistent with this scenario. The minimum dis-
charge required to inundate this site is 550,000 ft3/s, much less 
than the discharge of the Red Flower flood.

Smirnoff
The Smirnoff site, RM 445, is a 0.6 by 2 m alcove formed 

beneath a sandstone boulder (fig. 1.5) at an elevation of 648.4 
ft. The surface of the small alcove is partially covered by dried 
leaves, acorns, small sticks, an empty Smirnoff™ bottle, and 
moss in some areas where moisture is present. The deposit is 
capped by an about 1–3-cm-thick discontinuous layer of finely 
bedded silt, evidence of a recent Tennessee River flood. A pit 
was dug to expose the silt and other deposits of silt to a depth 
of 33 cm (fig. 1.6).

The first 10 cm under the silt cap are well-sorted brown 
very fine to fine sand with some silt and mica flakes. There 
are a few rounded gravel clasts as much as 2 cm in diameter 
that probably are locally derived. Aside from the 1cm silt cap 
on the surface, there is no visible bedding. Roots are common 
with diameters as much as about 5 mm. The bottom contact 
is defined by a discontinuous stone line, likely roof fall clasts. 
Granules are concentrated in the middle of this deposit that 
could represent the boundary of another deposit. This 10-cm 
deposit represents 1–2 Tennessee River flood deposits in addi-
tion to the silt cap, or the silt cap could be associated with the 
flood deposit below.

The next 6 cm in the pit (11–17 cm) is very similar to 
the deposit above but with less silt and no gravel and is more 
compact than the unit above. Like the top contact, the basal 
contact is defined by a discontinuous stone line. This deposit 
is evidence of another Tennessee River flood. From 17 to 25 
cm in depth lies brown very fine sand that contains mica. This 
deposit is similar in characteristics but less compact than the 
deposit above. This deposit also represents a flood. The basal 
deposit from 25 to 33 cm is orangish-brown, very fine to fine 
sand with subrounded to subangular gravel as much as 3 cm 
in diameter. One isolated cobble is about 10 cm. This deposit 
is composed of local material derived from the adjacent slope 
and boulder overhang.
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Figure 1.5. Location of the pit (A) and exposed stratigraphy of the pit with four flood deposits (B), at the Smirnoff site, 
Tennessee River, Tennessee. ”F” indicates a flood deposit.
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Figure 1.6. Stratigraphy exposed at the Smirnoff site, Tennessee River, Tennessee.
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Four flood deposits are evidenced at this site (fig. 1.6). 
The lowermost three flood deposits are separated by distinct 
stone lines. The contact between the upper bedded silt and the 
underlying very fine sand is less compelling. If these deposits 
represent two floods, they could be evidence of the 1917 flood 
(here affected by backwater from Hales Bar Dam; Tennessee 
Valley Authority, 1940) overlying sand deposited by the 1867 
flood (fig. 10). The two older floods have more uncertainty. A 
piece of charcoal from 19 cm bls in the oldest flood deposit 
was radiocarbon dated at A.D. 1652–1696 and 1726–1814. 
An OSL sample was collected and analyzed in the same unit 
and returned an age of 1312–792 B.C. These dates correlate to 
dates of floods found at other sites, but it is difficult to know 
which date best represents the age of the flood deposit. If the 
radiocarbon date is most representative, then this flood deposit 
could be from the Red Flower flood. This would indicate that 
the sediment sampled for OSL analysis was not completely 
bleached prior to deposition. This scenario, however, indicates 
the presence of a third large flood subsequent to A.D. 1650, 
in addition to the Red Flower and 1867 floods. Such a finding 
is counter to the findings at all other sites. Another possibility 
is that the radiocarbon age is incorrect, and the dated char-
coal was a burned root or embedded low in the sequence by 
burrowing. If this is the case and the OSL age is closer to the 
true age of the deposit, then the third oldest flood here could 
be evidence of the Red Flower flood. Thus, the oldest flood 
deposit here (1312–792 B.C. by OSL analysis) would then 
correlate to the oldest flood deposits found at the Jeff-n-Steph 
site (described in section, “Jeff-n-Steph”) and the Looter Pit 
site (described in section, “Looter Pit”).

The elevation of the water-surface of the 1867 flood was 
about 650 ft above NAVD 88 at this location, which is about 
1.5 ft higher than this site (fig. 10). Additionally, backwater 
from the 1917 flood upstream from Hales Bar Dam had a simi-
lar stage at this site (Tennessee Valley Authority, 1940). Thus, 
the youngest two flood deposits are almost certainly from 
historical floods. This also agrees with the hydraulic modeling 
results, which indicate that about 430,000 ft3/s is required to 
inundate this site for pre-impoundment conditions.

Oven, Upper Oven, and Freezer
The Oven, Freezer, and Upper Oven (fig. 1.7) are three 

small rock alcoves formed by a collection of sandstone 
boulders within close proximity to each other. Oven, the 
largest alcove of the three sites, is sheltered by an overhang 
of a several-meter-wide slab of sandstone flanked by smaller 
boulders that form small alcoves on the left (Upper Oven) and 
right (Freezer). The Oven site is a 3-by-1 m shelter about 1 m 
high at its tallest point (fig. 1.8). The surface of the site is dry, 
unvegetated, and covered by loose sediment, leaves, sticks, 
and rock fragments.

A pit was dug to a depth of 34 cm at the Oven site 
(fig. 1.9). The first 8 cm are tan silty very fine sand with about 
10 percent subangular-to-subrounded sandstone gravel as 

Oven

Freezer

Upper Oven

Figure 1.7. Locations of the Oven, Upper Oven, and Freezer, and 
Oven sites, Tennessee River, Tennessee.

much as about 2 cm in diameter. This unit is fairly compact, 
poorly sorted, and bioturbated, and has no obvious bedding. 
However, owing to the presence of mica and the texture, this 
deposit likely is a reworked flood deposit mixed with local 
material, and likely is part of the same silty flood deposit that 
can be seen plastered onto the back of the alcove.

The next two deposits are composed of relatively well-
sorted, very fine to fine sand and contain coarse grains of 
mica. Both deposits are separated from deposits above and 
below by differences in texture, gravel content, and degree of 
sorting. A stone line of roof-fall clasts separates the two units 
from each other. The textures and sedimentology of the units 
indicate that they are flood deposits. Beneath them is oxidized 
orangish-brown fine sandy silt with abundant roots and deeply 
weathered gravel clasts, which we infer to be locally derived 
colluvium.

A charcoal fragment from the lowermost colluvium was 
radiocarbon dated to 371–199 B.C. (fig. 1.9). Above that in the 
oldest flood deposit, a charcoal clast returned radiocarbon date 
ranges of A.D. 1450–1530 and 1540–1635. This flood deposit 
could be from the Red Flower flood or, more likely, a smaller 
and slightly older flood also found at the Last Survey site 
(described in section, “Last Survey”) and the Mud Wasp site 
(described in section, “Mud Wasp”). The youngest two flood 
deposits likely are from two historical floods, possibly 1867 
and 1917 or 1875 based on the elevation of this site (fig. 10).

To the left of the Oven and a little more than 1 m higher 
in a small 1-by-0.5 m alcove is the Upper Oven (figs. 1.9 and 
1.10). The shallow 10-cm pit at the Upper Oven revealed two 
thin very fine and well sorted sand deposits containing mica 
and separated from each other by a discontinuous gravel line. 
These two deposits were overlying rock, perhaps from the 
boulder that formed the Oven site. We infer that these deposits 
are evidence of two floods. This site was not dated because 
it was almost identical in stratigraphy and elevation to the 
Freezer site described in the paragraphs that follow.
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Figure 1.8. Location of the pit (A) and stratigraphy exposed in the pit with four 
flood deposits (B), at the Oven site, Tennessee River, Tennessee. ”F” indicates a 
flood deposit.

The Freezer site is at an elevation and setting similar 
to that of the Upper Oven site but about 3–4 m to the right 
of it (figs. 1.9 and 1.11). The stratigraphy at the Freezer site 
matches that of the Upper Oven site—two well-sorted mica-
containing very fine sand deposits separated by a thin gravel 
line. The lower deposit is coarser than the upper deposit and 
contains visible bedding.

A piece of charcoal from the lower flood unit at the 
Freezer site was radiocarbon dated to A.D. 1648–1694, 
1726–1813, and 1918–post-1950. Because the stratigraphy and 
elevation at the Upper Oven and Freezer sites were so similar, 
flood deposits preserved at the Freezer site almost certainly 
are likely from the same floods that deposited the sediment 
preserved in the Upper Oven stratigraphy.
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Figure 1.9. Stratigraphy at the Oven, Upper Oven, and Freezer sites including relative elevation of each pit, Tennessee River, 
Tennessee.
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Figure 1.10. Location of the pit underneath the rock overhang (A) and stratigraphy exposed in the pit (B), at 
the Upper Oven site, Tennessee River, Tennessee. ”F” indicates a flood deposit.
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Figure 1.11. Location of the pit relative to the Oven 
site (A) and stratigraphy exposed in the pit (B), 
Tennessee River, Tennessee. ”F” indicates a flood 
deposit.

The elevations of the Oven, Upper Oven, and Freezer 
sites are 644.55 ft, 648.31 ft and 648.71 ft, respectively. The 
elevation of the 1867 flood at this site was about 650 ft and 
likely would have inundated all three sites (fig. 10). Backwater 
from the 1917 flood reached an elevation of about 648 ft 
possibly depositing sediment only at the Oven site. The 1875 
flood (stage about 645 ft above NAVD 88) and the 1886 flood 
(stage about 644–645 ft above NAVD 88) could have inun-
dated the Oven site as well. The hydraulic modeling indicates 
that the minimum discharge required to inundate the Upper 
Oven and Freezer sites is 430,000 and 440,000 ft3/s, respec-
tively. The modeled peak discharge estimated to inundate the 
Oven site is considerably less, 370,000 ft3/s.

Based on the geochronology, stratigraphy, site elevation, 
and hydraulic modeling results, there is evidence of 3–4 floods 
preserved at this group of three sites. The silt plastered to the 
back of the Oven site could be from the 1917 flood. The first 
flood deposit exposed in the pit at the Oven site also could be 
reworked 1917 flood sediment, or it could be deposited from 
the 1867, 1875, or 1886 historical floods. The next oldest 
flood in the pit could be 1867 or the Red Flower flood deposit. 
Based on the radiocarbon dating of the oldest flood deposit 
at the Oven site, this flood predates the Red Flower flood and 
is correlated to deposits found at a few other sites such as 
Last Survey and Mud Wasp sites described in sections, “Last 
Survey” and “Mud Wasp.”

The youngest flood preserved at both the Upper Oven and 
Freezer sites likely is the 1867 flood. Based on the radiocarbon 
date of the oldest flood deposit at the Freezer site, this deposit 
is evidence of the large Red Flower flood.
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Buzzard’s Cave
The Buzzard’s Cave site consists of a narrow and deep 

cave located along the base of a limestone outcrop near 
RM 455 (fig. 1.12). The cave has a 4-by-1 m opening that 
extends back about 16 m where it gets progressively narrower 
and higher in elevation before ending in a 1-by-1 m room. 
The floor of the cave is mostly fine-grained sediment to an 
unknown depth, almost certainly a combination of Tennessee 
River flood deposits and local cave sediment. Roof-fall 
boulders and bedrock form the cave floor near the entrance. 
Evidence of past artifact looting is evident in this cave as well 
as along the base of the bedrock outcrop that forms this cave. 
About three-quarters of the way inside the cave was a rela-
tively undisturbed area near the cave wall where we excavated 
a 64-cm pit to examine the stratigraphy (fig. 1.13).

The first 3 cm are an indurated tannish brown very fine 
sandy silt cap locally draped over rock edges of the cave 
wall. This deposit contained sand-sized mica flakes, granules 
of local material, and abundant charcoal fragments but no 
obvious bedding. The base of this surficial layer is defined 
by an abrupt color change and change in gravel content. This 
deposit likely is evidence of the most recent Tennessee River 
flood deposit preserved in this cave. The next 5 cm below this 

deposit are similar, only darker in color, with smaller mica 
flakes and slightly higher gravel content. This deposit likely is 
evidence of another flood deposit. Below these flood deposits 
are 8 cm of brown very fine sandy silt with a gravel content of 
about 20 percent, mostly rounded as much as 1 cm in diameter 
but some angular clasts as much as 3 cm. This deposit contains 
small shell fragments and other bits of organic material and 
likely represents a bioturbated cave floor deposit.

From 16 to 35 cm in depth is brown silt with some sand. 
This deposit discontinues or thins substantially towards the 
back of the cave. A few angular gravel clasts were present 
but at quantities significantly less than the deposits above 
and below. Organic material is sparse. This deposit likely is 
evidence of a third Tennessee River flood deposit preserved at 
this site. Below this flood deposit to a depth of 53 cm is brown 
very fine sandy silt with abundant subrounded to angular 
gravel as much as 5 cm in diameter. This deposit contains 
specks of charcoal and other organics and is interpreted as 
representing a previous cave floor deposit. The basal deposit 
partially exposed at this site is an 11-cm thick brown silty very 
fine sand with visible mica, few angular clasts, and no visible 
bedding. This deposit is better sorted with less gravel than the 
deposit above and likely is evidence of a fourth Tennessee 
River flood deposit.

A B

C F

F

F

F

Figure 1.12. Cave entrance (A), location of the pit inside the cave (B), and stratigraphy exposed in 
the pit (C), at the Buzzard’s Cave site, Tennessee River, Tennessee. ”F” indicates a flood deposit.
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Figure 1.13. Stratigraphy at the Buzzard’s Cave site, Tennessee River, Tennessee.

An OSL sample from the oldest flood deposit exposed 
at this site returned a date range of 19,549–16,202 B.C. A 
piece of charcoal from the colluvium unit above was radiocar-
bon dated to A.D. 670–770. If both dates accurately date the 
deposits in which they were found, less than 20 cm of sedi-
ment were deposited in the last approximately 19,000 years 
compared to about 30 cm plus in the last approximately 1,200 
years. This scenario is highly unlikely. The setting at this site 
is in a cave, a very passive setting, so erosion from floodwa-
ters also is highly unlikely. What seems most likely is that 

the quartz grains in the OSL were not completely bleached 
during the flood that deposited them in the cave and, therefore, 
the OSL age indicates that last time they were completely 
bleached and not when they were last deposited by a flood. 
This can occur if the flood occurred at night or if the flood 
waters were turbid. Both options are plausible for Tennessee 
River floods. Therefore, the oldest flood at this site is older 
than about A.D. 670–770 and could be the same flood as either 
the oldest or second oldest flood preserved at the Jeff-n-Steph 
site, or the oldest flood at the Looter Pit and Smirnoff sites.
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The age of the third oldest flood at this site is bracketed 
between the underlying A.D. 670–770 cave flood deposit and 
the overlying cave floor deposit dated to A.D. 1526–1557, 
1631–1670, and A.D. 1779–1800. Although the exact age of 
the flood is unknown, it occurred between the two radiocarbon 
dates and could correspond to the Red Flower flood or the 
slightly older flood preserved at the Oven and Last Survey 
sites and the Mud Wasp. The two youngest floods at this 
site post-date about A.D. 1800. Considering the elevation of 
this site (662.99 ft compared to about 675 ft at this location 
for the 1867 flood), these younger flood deposits are almost 
certainly from two historical floods, possibly from 1867 and 
1875 (fig. 10). Discharge required to inundate this site is 
330,000 ft3/s.

Mud Wasp
The Mud Wasp site is located at the base of a limestone 

outcrop (fig. 1.14) about 30 m downstream from the opening 
to Buzzard’s Cave (fig. 10). A 48-cm pit at this site indicated 
multiple deposits with similar textures ranging from tan silty 
very fine sand at the top unit to dark brown silty fine sand for 
the basal deposit (fig. 1.15). These deposits are separated from 
each other based on color and modest texture differences. 

Some deposits had laminated silt caps as well as visible stone 
lines and dark stains that appear to be thin alcove floor depos-
its. Mica is present throughout the deposits but varies in abun-
dance and grain size. Based on the stratigraphy at this site, we 
infer that seven distinct Tennessee River flood deposits are 
preserved here (fig. 1.15).

At 651.83 ft above NAVD 88, the Mud Wasp site is about 
2 ft lower than the stage for the 1936 flood (234,000 ft3/s as 
reconstructed for this reach by the Tennessee Valley Authority, 
1940). Discharge required to inundate this site is 220,000 ft3/s.

A charcoal sample was collected from 48 cm bls in the 
oldest flood deposit and sent for radiocarbon analysis. The 
results indicate that the oldest flood at this site occurred about 
A.D. 770–941 (table 2); therefore, the six younger floods must 
have occurred in that last 800–900 years. An OSL sample 
was collected from 28 cm bls in the fourth oldest deposit and 
returned an age of A.D. 1588–1648 (table 3), an age similar 
to the oldest flood at the Oven and Last Survey sites. Based 
on these dates, this site contains evidence of four floods from 
about A.D. 770 to 1649 and three floods younger than about 
A.D. 1648. Because this site is so low in elevation, the three 
youngest floods could be documented historical floods, floods 
recorded in the gaged record, or historical-era floods of lesser 
magnitude that did not warrant documentation.

BA

F

F

F

F

F

F

F

Figure 1.14. Location of the pit (A) and stratigraphy exposed in the pit (B), at the Mud Wasp site, 
Tennessee River, Tennessee. ”F” indicates a flood deposit.
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Figure 1.15. Stratigraphy of the Mud Wasp site, Tennessee River, Tennessee. All deposits at this site are 
evidence of Tennessee River floods.

Looter Pit
About halfway between the entrance to Buzzard’s Cave 

and the Mud Wasp site along the base of a limestone out-
crop is the Looter Pit site (fig. 1.16). An 87-cm pit was dug 
at this site (fig. 1.17). The top 6 cm are weakly laminated 
tan silt containing small flakes of mica. Below this deposit 
is a 13-cm-thick dark brown very fine sandy silt (with a few 
limestone granules as much as 3 mm) that is separated from 
the deposit below by a line of angular gravel clasts as much as 
3 cm in diameter. At a depth of 19–27 cm lies brown very fine 
sandy silt. This deposit is well sorted but the top has several 
subrounded gravel clasts as much as 2 cm in diameter. Below 

this layer is 19 cm (27–46 cm) of well sorted orangish-brown 
very fine sandy silt. Based on the textures and sorting, we infer 
that these top 4 deposits are Tennessee River flood deposits. 
These deposits overlie a brown, 10-cm-thick poorly sorted 
sandy silt deposit with abundant charcoal and gravel clasts as 
much as 5 cm in diameter. This deposit is either local mate-
rial or a mixture of local material and reworked flood deposits 
from the unit below and extends to a depth of 56 cm. Below 
this deposit to a depth of 69 cm is another flood deposit with 
characteristics similar to those of the flood deposits from 27 
to 46 cm. The basal unit (69–87 cm bls) in this pit is another 
poorly sorted, gravel-rich, alcove floor deposit. Based on the 
stratigraphy, we infer that this site contains evidence of five 
floods and two alcove floor deposits (fig. 1.17).
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Figure 1.16. Location of the sediment exposure (A) and stratigraphy (B), at the 
Looter Pit site, Tennessee River, Tennessee. ”F” indicates a flood deposit.

A piece of charcoal from 73 cm in depth in the oldest 
exposed deposit was dated to 3516–3363 B.C. (fig. 1.17). 
Charcoal from the flood deposit above this alcove floor deposit 
was radiocarbon dated to 1121–940 B.C. The next oldest flood 
deposit was dated to 931–822 B.C. Based on the radiocarbon 
ages, these two flood deposits likely are evidence of one flood 
likely the same as the oldest flood at Jeff-n-Steph and one 
unique Tennessee River flood not previously described in this 
report. Like the Mud Wasp site, the Looter Pit site is relatively 
low, with an elevation of 653.47 ft and requires a discharge 
of about 240,000 ft3/s to inundate the site. The magnitude 
required to inundate this site and leave a deposit is relatively 
small and well represented in the gaged record. The three 
younger floods preserved here most likely correspond to any 
number of floods at other sites including any of the large his-
torical floods such as the 1867, 1875 or 1886 floods (fig. 10).

Turkey Blind
The Turkey Blind site is located on the left bank at the 

most downstream exposure of a limestone outcrop near the 
entrance to the gorge at about RM 454 (figs. 2 and 10). This 
site is in a narrow cave about 5 m above a 75-m-wide low 
terrace used for agriculture. The opening to the cave is about 
1-by-1 m and narrows to 0.5-by-0.25 m about 4–5 m back 
from the entrance (fig. 1.18). A 28-cm pit exposed the stra-
tigraphy about 3 m from the entrance to the cave at a junc-
tion between the main cave and a small crevice in the left 
(upstream) side of a limestone wall. The location of the pit 
was selected because of the decreased likelihood of bioturba-
tion from rodents and other animals that may have inhabited 
the cave at various times.

The top surface of the cave deposits near the pit appeared 
to be weathered mud cracks, a feature that forms after water 
recedes and fine-grained sediments separate as they dry 
to form desiccation cracks with a recognizable geometry. 
Excavation of the pit indicated multiple discernable deposits 
(fig. 1.19). The top 5 cm of gray mottled silt, including the 
mud cracks, was indurated, had hints of discontinuous wavy 
laminae, and contained mica. The lower contact was sharp and 
marked by a change in texture and color. Below this deposit 
was a brown, crumbly silt that was locally loose. This deposit 
contained limestone granules, gravel clasts, roots, and small 
rodent bones. This likely was a cave floor deposit buried by 
the flood deposit above. Below this deposit was a thin tan silt 
that varied 0–2 cm in thickness. This deposit contained mica 
but no obvious bedding. Based on the color, lack of gravel and 
granules, and the presence of mica grains, this likely was a 
Tennessee River flood deposit. Another dark brown crumbly 
gravel-rich silty cave floor deposit separated the thin flood 
deposit above from a dull orange silty fine mica containing 
sand, likely representing another flood deposit below. The bot-
tom of this deposit was not exposed.

A small piece of charcoal within the cave floor deposit 
just above the oldest flood deposit was radiocarbon dated to 
A.D. 1458–1530 and A.D. 1538–1635 (fig. 1.19). The two 
floods above this deposit must post-date this age and the 
flood deposit below must precede it. The Tennessee Valley 
Authority (1940) reconstruction of water-surface elevation of 
the 1867 flood (fig. 10) was about 674 ft at this site, slightly 
above the surveyed elevation of 672.8 ft for the surface of the 
exposed pit. The hydraulic model estimates that about 450,000 
ft3/s is required for inundation. Therefore, the youngest flood 
deposit likely is that of the 1867 flood. The second oldest flood 
deposit could be evidence of the Red Flower flood. The oldest 
flood deposit could be from one of the older floods found at 
Jeff-n-Steph.
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Figure 1.17. Stratigraphy of the Looter Pit site, Tennessee River, Tennessee.
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Figure 1.18. Entrance to the cave where the pit was dug (A), location of the pit 
inside the cave (B), and the stratigraphy exposed in the pit (C), Tennessee River, 
Tennessee. ”F” indicates a flood deposit.
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Figure 1.19. Stratigraphy at the Turkey Blind site, Tennessee River, Tennessee.
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Williams Island
Williams Island, directly across a side channel from the 

Buzzard’s Cave, Mud Wasp, and Looter Pit sites, is a 3-km-
long, 1-km2 alluvial island at the entrance of the Tennessee 
River Gorge (fig. 2) at about RM 457. Williams Island likely 
was formed as a sand bar that was stabilized by vegetation, 
eventually growing taller by vertical accretion of overbank 
flood deposits. Now owned by the State of Tennessee Division 
of Archeology and managed by the Tennessee River Trust, 
Williams Island was formed more than 10,000 years ago 
(Petticord, 2013; Harden and O’Connor, 2017). Examination 
of the stratigraphy of the island indicates a long history of 
fluvial activity.

The northwestern side of Williams Island is tallest, ris-
ing 8–9 m above the water surface of the main channel of the 
Tennessee River. Here, the stratigraphy is exposed in a vertical 
bank cut (fig. 1.20). The elevation of the top of the bank cut is 
661.28 ft compared to about 634 ft for the water surface. The 
surface of this island has been inundated several times since 
1867; 310,000 ft3/s is required to inundate this island. As part 
of the feasibility study (Harden and O’Connor, 2017), an OSL 
sample was collected at 652.66 ft above NAVD 88 (about 
2.7 m bls) and returned a date range of 10,840–8,960 B.C. 
Because this study is focused on the last few thousand years, 
we reexamined the stratigraphy in 2018, focusing on the upper 
few meters.

The top 4.3 m of stratigraphy of the bank exposure at RM 
455 was examined and described in detail (fig. 1.21). The top 
15 cm bls of the exposure is a root mat that hangs out over the 
section by about 30 cm. The matrix is dark brown silty sand 
and the deposit is capped by a bed of leaves and other vegeta-
tion. The roots in this layer are as much as 10 cm in diam-
eter. This clearly is an organic rich soil horizon developed in 
overbank sands. The next deposit is 38 cm of dark brownish-
gray silty very fine sand. There is abundant mica but no visible 
sedimentary structures. This deposit has been extensively 
burrowed and has abundant roots as much as 3 cm in diameter. 
This deposit represents overbank sands possibly deposited by 
multiple floods because it is so thick, although there are no 
visible stratigraphic boundaries. The deposit below (53–65 
cm) is a tan-to-gray well-sorted fine sand with abundant coarse 
mica grains. This deposit contains hints of local planar bed-
ding and is less consolidated than the underlying and overly-
ing deposits. It forms a distinct layer in the whole island expo-
sure, almost certainly evidence of a single overbank deposit 
from a large, energetic flood. Below 65 cm in depth lies 18 
cm of light orange silty very fine sand. This deposit has sparse 
small mica grains and abundant charcoal fragments as much as 
1 mm in diameter. There are multiple small burrows as much 

as about 1 cm in diameter that have obscured any bedding fea-
tures. It is uncertain if this is evidence of one oxidized, muddy 
overbank flood deposit or multiple flood deposits.

Below 83 cm, the deposits are more poorly sorted owing 
to the introduction of non-fluvial material through occupa-
tion of the site. From 83 to 87 cm, the deposit is poorly sorted 
silty fine sand with small mica flakes, abundant small charcoal 
fragments, and wavy laminae. This could represent a flood 
sand overlying a surface previously occupied by humans or 
it could be the basal sand associated with the finer overbank 
deposit above. Below this unit are two similar deposits that 
were extensively occupied by humans for what seems to be an 
extended time period. Both deposits have about 5–10 per-
cent angular to rounded gravel as much as 5 cm in diameter, 
abundant charcoal and mica, no visible bedding, and abundant 
burrows. The older of the two deposits at 115–140 cm in depth 
weathers to a strong angular or blocky texture and has distinct 
orange-to-purple mottling (fig. 1.20D). This unit seems to 
be an extensively occupied, bioturbated, and pedogenically 
altered surface formed in silty overbank deposits.

Underlying these occupation surfaces are a few meters 
of fine-grained overbank deposits intermixed with coarser-
grained energetic flood deposits likely indicating larger floods 
(fig. 1.20E). A thick silty very fine sand unit at 154–212 cm 
in depth has been so pedogenically modified that it has more 
soil characteristics than fluvial characteristics, likely indicat-
ing subaerial exposure for an extended period of time, during 
a relatively long quiescent period between large Tennessee 
River floods.

Because Williams Island accreted over many thousands 
of years, most of the sediments are overbank deposits from 
the Tennessee River. Although the stratigraphy at this site 
comes from a common source, the units vary in color, texture, 
and thickness (fig. 1.21), depending on various characteris-
tics of the flood such as velocity and duration as well as local 
influences such as exposure to the surface and introduction 
and amount of non-fluvially derived material. Non-fluvially 
derived material includes organic material from island vegeta-
tion and material introduced by human occupation.

Three charcoal fragments from 60, 86, and 120 cm bls 
(fig. 1.21) were sent for radiocarbon analysis. The charcoal at 
60 cm was from the youngest energetic flood deposit described 
earlier in this section and returned date ranges of 2458–2269 
and 2260–2207 B.C. This energetic flood could be the same 
one as the oldest flood at Jeff-n-Steph. Considering how 
charcoal-rich were some of the older overbank deposits below 
this unit, the charcoal in this unit could be reworked from 
the older charcoal-rich occupied units, meaning this flood is 
younger than the radiocarbon age of the organic material. If 
this is true, then based on the coarseness of the grains and its 
stratigraphic position, this unit could possibly also be evidence 
of the Red Flower flood.
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Figure 1.20. Bank exposure relative to the river elevation (A), described section of the bank exposure (B), thick root mat possibly 
obscuring some of the most recent stratigraphy (C), and some of the unique deposits described in the stratigraphy (D and E), at the 
Williams Island site, Tennessee River, Tennessee.

The next deposit dated was a thin silty fine sand directly 
overlying the two extensively occupied deposits (fig. 1.21). 
The charcoal here was dated to 2872–2583 B.C. The last 
deposit dated using radiocarbon analysis was the oldest 
extensively occupied layer. The date range of this deposit is 
3519–3365 B.C., older than all floods at all sites in this study. 
Compared to the rest of the flood record along this reach of the 
Tennessee River, the section of Williams Island representing 

a similar record from those sites is most likely the upper one-
half m of sediment. We were not able to distinguish individual 
floods in this younger stratigraphy with such fine resolution 
here owing to bioturbation, permit restrictions, and limited site 
access. Therefore the Williams Island site was not explicitly 
included in the development of the paleoflood record for 
this report.



64  Improving Flood-Frequency Analysis on the Tennessee River near Chattanooga, Tennessee

0

83

15

53

14

10

115

154

212

270

320

375

430

2

4

6

8

12

0
661.28 feet above
North American
Vertical Datum
of 1988

652.66 feet above North American
Vertical Datum of 1988

20(2)*, 9,900 ±940;
10840–8960 B.C.

313,000 cubic feet
per second

Williams-9, charcoal;
487148, 3850 ±30;
2458–2269, 2260–2207 B.C.

Williams-1, charcoal;
487146, 4130 ±30;
2872–2799, 2794–2617, 2610–2583 B.C.

Williams-8, charcoal;
487147, 4660 ±30;
3519–3365 B.C.

e

e

e

e

e

* from Harden and O’Connor (2017)

c vf fs m cs g

sand

CentimetersInches

De
pt

h 
be

lo
w

 la
nd

 s
ur

fa
ce

Grain-size scale (x-axis)

c= clay
s = silt
vf = very fine sand
f = fine sand
m = medium sand
cs = coarse sand
g = gravel

Rock

Grass and modern organic 
including root mat

Energetic flood 

Tennessee River flood deposit

Radiocarbon sample—Field name; 
material; laboratory No.; 
radiocarbon age; calendar age

Optically stimulated luminescence
 sample laboratory No.—
Age in years before present;
calendar age

EXPLANATION

I

Figure 1.21. Stratigraphy at the William Island site, Tennessee River, Tennessee.
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